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Prolusione al Corso. 


B. Peters 
Direttore del Oorso 


It is a pleasure to thank the Mayor of Vareiina for the hospitality extended 
to xis. I would like to thank Professor Polvani for his words of welcome and 
through him thank the Italian Physical Society for its generosity which makes 
it possible to hold Summer Courses in this most beautiful place. 

I welcome all of you who have come to participate in this course and shall 
use this opportunity to say a few words about its origin and purpose. 

Last Pall, here in the Villa Monastero, Professor Polvani, Prof. Hotjter- 
MA TSTR and I discussed the possibility and usefulness of organizing a course on 
Cosmic Radiation, Solar Particles and Space Research. Let me briefly explain 
the reason for choosing this subject. 

As you know, Cosmic Ray Physics became an extremely active field of 
research soon after the war. Earlier, it had been a specialized field of study, 
almost completely isolated from other sciences; but in the last 12 years it 
has branched out. 

Q^hrough the discovery and the study of the complex nature of the primary 
cosmic radiation it has become an integral part of astrophysics. 

Through the study of cosmic ray produced isotopes it has made valuable 
contributions to fields of science as far apart as oceanography, meteorology 
and archaeology, and has contributed to our knowledge of the origin of me¬ 
teorites. 

The analysis of collisions of cosmic ray particles in the atmosphere has 
made it possible for the first time to study nuclear and electromagnetic inter¬ 
actions at energies which are large compared to the rest mass of the particles 
involved. Cosmic ray physics, thereby, has given rise to a new and still very 
active branch of physics, the physics of elementary particles. 

Cosmic ray physicists are responsible for the discovery of mesons and of 
almost all the so-called strange particles. The results which they have ob¬ 
tained led to the design of the powerful particle accelerators whicli are in 
operation or in the course of construction in many parts of the world. 

Perhaps the most active period of cosmic ray physics and the period which 
produced the most far-reaching changes in onr views on the properties of matter 
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was the period between 1951 and 1953, when new mesons and liyperons were 
identified and when the processes of their production and decay were studied 
for the first time. 

After 1953 large accelerators and bubble chambers started to operate; there 
began a less productive period for cosmic ray physics. The study of elementary 
particles and the study of many electromagnetic and nuclear phenomena at 
high energies reverted to the laboratory. 

There remained many unsolved problems in the nature of the primary 
cosmic radiation, but they were difficult to handle with the available experi¬ 
mental and technical equipment, consisting mainly of stratosphere balloons, 
emulsions, cloud chambers, and counters. It became increasingly difficult to 
improve the resolution between the particles of various mass numbers which 
compose the primary radiation, to determine the abundance of the rare ele¬ 
ments, and to obtain higher statistical accuracy in the energy spectrum of 
various components. 

Also the study of time variations in cosmic ray intensity, which has become 
of great importance, progressed only slowly during that period, because one 
had to rely on large networks of co-operating ground stations or on the syn¬ 
chronization of balloon ascents at widely separated places. The most valuable 
data had to be obtained in the least accessible places, (i.e., the stratosphere in 
the polar regions) so that every new experiment involved a major expedition. 

Recently, during the last three or four years, the rate of progress in 
cosmic ray physics has again accelerated, hiew avenues of research have been 
opened by the techniques of space research. ICsTew discoveries on the corpuscular 
radiation from the galaxy and the sun have been made and more imi)ortant 
ones are in the offing. They will be made in the XJ.S.A. and in the XJ.S.S.B. 
but, for the time being not here in Europe, since European cosmic ray physi¬ 
cists have neither satelhtes nor space probes. If they do not want to continue 
working with outdated techniques, they have only the choice between switching 
their field of research and emigration. 

About two years ago, Professor Amaldi wrote a memorandum on Europe 
and space research, which circulated mainly among scientists connected with 
CERN. In this memorandum Professor Amalm emphasized that the investi¬ 
gation of space is giving rise to new and important technological developments 
and that, if Europe made no effort to participate in space research, it may 
within a period of 20 or 30 years lose its high technological standing and be¬ 
come one of the underdeveloped regions of the world. 

About a year ago, the first serious steps were undertaken by individual 
scientists to explore the possibility of developing space research as a co-ope¬ 
rative European effort. The brilliant success of CEEliir has greatly encouraged 
this approach of close co-operation between various nations. If such an enter¬ 
prise was to succeed, it seemed important to counteract the drifting away 
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of European cosmic ray physicists to other research fields and to other countries. 
A discussion of the present state of the science 'with particular emphasis on 
the problems wliicli have become accessible to investigation by the advent 
of space vehicles seemed to be a useful step in that direction. 

These then were the main considerations governing the choice of subject 
matter for this course. The scientific programme has been arranged accordingly; 
it consists of a number of review lectures, each one dealing with a different 
aspect of solar and galactic particles. These lectures take up about half of the 
available time. The rest will be devoted to discussions and to shorter contri¬ 
butions from an audience which consists almost entirely of people coming fi'om 
laboratories which are engaged in one or another aspect of cosmic ray research. 
I invite all of you who can contribute to the subject matter treated in this 
course to inform me within the next few days. 

On the 1st of December 1960, at Meyrin, the site of CEEhT, an agreement 
was signed between representatives of 11 nations (Belginm, Denmark, Prance, 
Holland, Italy, Norway, Spain, Swdtzerland, Sweden, United Kingdom and 
West Germany) to set up a committee to investigate the possibilities of space 
research in Europe, and to prepare an international treaty for a European 
Space Research Organization (ESRO). This committee whose name, « COPERS », 
derives from the words « Commission Preparatoire Burop6onne pour la Re¬ 
cherche Siiatiale », has held many meetings and is api)ro{U‘hing the stage where 
it can make concrete proposals to the participating governments. It seems, 
likely tliat these efforts will lead to the setting up of European Space Research 
laboratories and to the I’ecruiting of staff for these laboratories in the early 
part of 1962. In anticipation of such an agreement, many countries, now en¬ 


gaged in rocket and upx)er atmosi)liere research, have declared their willing¬ 
ness to accept engineers and scientists from other countries for training j)ur- 
poses. Those who are interested in availing themselves of such opi)ortunities 
should write to Professor P. Axjgkr, Secretary of COPERS (36 Rue La Pe- 
rouse, Paris XVI). 


If tlien it seems likely that Europe will actively cany out space research 
in the coming years, it hecomes important to keep well informed on the de¬ 
velopment of sj)ace research abroad. I am therefore particularly happy that 
among the participants in our course are tw'o representatives of NASA (National 
Aeronautic and Space Administration of the U.S.), Dr. Ludwig and Dr. Ogilvie, 
who have been active in the most recent work on the properties of cosmic 
radiation in Bjiace. 

It is a loss to this course that Professor Ginzburg of the Lebedev Institute 


in Moscow who, as you know, is one of the authors of a detailed and very 
successful tbeoi*y on the origin of cosmic radiation, has been unable to accept 
uur invitation. 

I also regi'et to report that Professor Denisbb of the Observatoire de Paris 
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at !MIeii(ioii has fallen HI. He had planned to give an introdnctory lecture 
the snn from the point of view of an astrophysicist. I am very grateful 
Professor Hack of the Merate Observatory who, on rather short notice, 1 
agreed to give this introductory lecture. 

Before closing let me say a few words about nomenclature. « Cosmic raj 
is not a fortunate designation for the mixture of high energy nuclei wh: 
originate and are accelerated in our galaxy. « Galactic high energy particlf 
would be a more appropriate term to distinguish these particles from otl 
forms of radiation which reach us either from our galaxy or from the m( 
distant places of the cosmos. But the name « cosmic rays » lias been us 
for so long that it seems impractical to change it at this late date. This 
no reason, however, why we should admit such illogical terms as «so 
cosmic radiation » into our vocabulary, in order to designate particles ac' 
lerated on or near the sun. This designation has already made its appearar 
in the literature, but its spread can stiH be arrested; it should, I feel, be; 
placed by a less ambiguous term such as «solar corpuscular radiation» 
« solar particles >> as we have done in the title of this course. 

I have the honour of opening now the scientific part of the 1961 prograim 
of the « Enrico Fermi » Summer School. 
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Relazioni tra Sole e Terra. 


The Surface of the Sun. 

M. HiVCK 

Osservatorio di Merate 


1. - Introduction. 

Most of tlie disturbances occurring in tlie solar atmosphere, which are 
strictly connected with emission of X-rays and corpuscular radiation from the 
sun probably find their initial cause in the con'vective zone underlying the 
photosphere. For this reason, before starting to speak about the solar atmos¬ 
phere and its disturbances we must give a brief account of the main properties 
of the solar surface, where evidence of the convective zone is apparent. 

The sun is a gaseous sphere mainly composed of hydrogen (H is 85 % in 
number of atoms, He 15%, for the other atoms we have H/metals c=:10*); 
its radius is equal to 700 000 km and its mass is 2-10®®g. Temperature, den¬ 
sity and pressure steadily decrease from the centre to the surface. This sphere 
is in hydrostatic equilibrium under its own gi‘avitation; this means that the 
pressure exerted by a eoluinii of gas lying below any layer is counter-balanced 
by the weight of the column of gas above the layer- The energy distribution 
of the continuous spectrum of the sun is very similar to that of a black body 
at the temperature of 5 700 °K. From the whole surface of the sun 4 • 10*® erg s“^ 
are emitted. The luminosity of the sun is maintained by production of energy 
by means of nuclear retictions occuring in the core. At the temperature and 
density of the solar core (.T„ = 15-10“ °K, j?,, — 90 g cm-*) the main nuclear 
rea{dion chain is the jn’oton-proton cycle. 

We must explain what we mean by solar surface, since this gaseous sphere 
does not have a well defined boundary. 

We call the surface, or the photosphere, a layer dense enough to emit con¬ 
tinuous radiation and to show a considerable brightness, but still suflEiciently 
transparent to allow a direct investigation of the same layer. In other 
words the surface is the whole of layers from which we receive an appreciable 
percentage of radiation; its depth is about 300 km; radiation from layers 
deeper than 300 km is almost completely absorbed by the overlying layers. 
The opacity of the photosphere is mainly due to the absorption of negative 
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hydrogen H~, and also to bound-free and free-free transitions of eled is 
moving in the fields of ions. The small depth of the photosphere, whi< is 

less than 1/2 000 of the solar radius, and which is seen from the earth u 3r 

an angle of 0.5" explains why looking at the sun we have the impressic Df 
seeing a solid well bounded surface. 

A direct proof of the semitransparency of the photosphere is given le 
existence of limb darkening. The decrease of brightness from the ceiiti jO 

the limb of the solar disk is due to the inward temperature increase ol le 

photospheric layers. When we look at the centre of the disk our line of i it 

enters normally to the surface of the sun: so we receive radiation from le 

layers on the average deeper and hotter. When we observe the limb our le 
of sight enters tangentially to the surface and we receive radiation only ii 
the cooler layers of the top. The limb darkening is a function of the a '"e 
length, and is more apparent in the violet than in the red. 

The photosphere is not homogeneous. Pictures of the sun in white it 
show a granular structure, which consists of bright blobs on a dark backgro 1. 

The sizes of the granules vary from 0.3" to 2.5" with a mean value of 1.0 , i’- 

responding to 700 km. The best photographs of granulation are those obta d 
by ScHWAnzscHiLi), Eogeilson and Evans from a balloon at an altitud if 
25 km, to reduce the disturbing effect due to the turbulence of our atmospl e. 
The intensity difference between granules and dark background corresp Is 
to an average difference in temperature of between 120° and 230°. T le 
temperature differences refer to the mean level from which the contiir is 
radiation emerges, i.e. from an optical depth of '—^1 (which corresponds a 
depth of ~ 280 km). The zig-zag structure of the absorption lines of the ^ 
spectrum is also a proof of this lack of homogeneity of the photosphere jt 
the higher layers where the absorption lines originate (r 0.1 correspoii' g 
to a depth of '—190 km). This zig-zag structure is an evidence that e 
spectra of the individual granules are shghtly shifted with respect to < h 
other because of Doppler effects (radial velocity difference — 0.4 to 1.5 km ). 

The granulation is the evidence of the existence in the upper parts of the n 

of a zone where convective currents are present. Theory also requests i/t 
in those parts of a star where the gas is partially neutral and partially ion d 
convective currents must develop. 

Observations of Ejepbnhetjer [1] suggest that the granules have a r f- 
netic field of the order of 400 G. This kind of observation is very diffi It 

because of the small dimensions of the granuli. The existence of a magi c 

field of this order of magnitude is supported by theoretical arguments: a 

turbulent plasma, electric currents are generated between regions of diffe it 

electron densities and temperatures; these produce weak magnetic fields. T. e 
fields can be increased in intensity by the so-called « spaghetti process ». S e 
the electrical conductivity of the ionized gas is very high the hnes of f e 
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are «frozen » in the gas. Tlie turbulent motions tangle tke aiagnetic lines of 
force. The contirina.1 t'^Hsting of the lines of forces serves to increase the 
nuiiilber of lines through unit cross-sectional area, and lieixce tbe intensity of 
the magnetic field. This process \Yill continue until eqnipartitioii between the 
turbulent and the magnetic energy density is reached: S^jSjt= Prom 

the solar models the density at the top of the granulation zone is about 
3-10“' gcm~®. The curve of growth gives for the turbnlence hnx s~^. 

It follows that JS =290 G, a value in good agreement with the observation. 

2. - Phenomena, of solar aetivity on the solar sarface. 

The appearance of spots, changing in mimher and shape with time on the 
bright surface of the snii, is a well known phenomenon since the time of Ga¬ 
lileo, who first observed it. Spots appear generally between |5®| and | 40° j of 
latitude. Hone has been ohserwed at latitudes higher than | 50° j. They ap¬ 
pear either isolated or, more often, in groups. A typical spot consists of a 
dark umbra (temperatnre of 4000 “K, to be compared with the 6 OOO Tv of 
the surrounding photosphere) surrounded by a penumbra. Zeeman splitting 
of the absorption lines is evident in the spectra of the spots. It is found that 
the magnetic field, of the spots is mostly peipendieular to the surface, and 
the intensity is of the order of some hundred to some thousand gauss. There 
is a strict correlation between the spot and the intensity of the magnetic field, 
which can be represented hy the formula [2] 

H = 3 70O[A/(A -h 6S)] G, 

where A is the area of the spot, in K)-" of the visible hemisphere (so for A 
included between 10 to 400 we have 11 hetweeii 480 and 3 250 G). Obser¬ 
vation of Doppler shift of the lines in the spot spectra shows tliat gas of 
deeper layers of the photosphere is streaming out of the spot, while gas of high 
atmospherical layers is streaming into the spot (.13vershed, effect). 

Spot groups or single spots always appear in a facula. 

T'aeulae Uire bright structures, similar to clouds, sligbtly brighter tliaii. the 
surrounding photosphere. If there are no spots witliout faculae, the reverse 
is not true, and often small faculae appear witliout spots. Faculae have wea.k 
magnetic fields, of the order of a frar-tion of a gauss to several gfbuss. 

Theory must try to expjhiin the (iivei*se features of tlie solar activity at 
tlie surface: appea.T}i.n(ie of spots and faculae, low temperature of the spots 
and liigli tempera-ture of the fiiculae, rnaigiietic fields which are so strong in 
the spots, the often observed bipolarity of the .spot g’roups, the 11 yciui* cycle 
and the inversion of polarity which happens at each cycle so that the full .solar 
cycle is in fact 22 years. 
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ITo completely satisfactory tlieory lias been proposed until now. On 3 
subject I will point out only tMs: until 20 years ago it was thought that e 
spots were places of large convection, where the low temperature follows f i 
the adiabatic expansion of the ascending gas, hTow we know that the sti 
magnetic fields supress convective motions and tend to bind together ne 
bonring masses of gas inhibiting flow across the magnetic lines of force. l 
rising gas cannot therefore flow horizontally and descend again to comp 3 
the convections cycle. So spots are region of calm in a tnrhulent atmosph 

Since convection is lacking, energy flow occurs only by radiation; he 3 
is suggested that spots are cooler because convective energy transport is 3 
in the presence of magnetism. 

In the regions jnst outside the spots convection must be greater to n 3 
up the diminished heat flow over the spot areas. This could explain 3 
brightness of the faculae which surround the spots. 

We can compute that no convection will ocenr above the depth wl 3 
magnetic energy density is of the same order as the energy of turbulent 
tions. For the high values of the density which we find in the interior of 3 
sun, the field S becomes less than vs/^^Q so that in the deep layers couvec i 
will not be prevented., Apparently, by local violent convection, some of tl 3 

field lines of the interior are brought to the surface, forming a spot or a gr > 

of spots. 


3. - The solar atmosphere. 

It is difficult to give a very vshort account of all the complex p ropei 3 
of the solar atmosphere, I will try to say briefly: 

а) What we mean by chromosphere and corona. 

б) Then? main aspects derived by optical observations. 

c) A very short account of the theories explaining the support and 3 
heating of the solar atmosphere. 

d) What are the components of radio emission of the quiet sun. 

e) What are the components of radio emission of the active sun 1 

their correlation with optical disturbances. 

The layers overlying the photosphere are called the solar atmosphere. T r 
include the chromosphere, or low-atmosphere, extending from the photospl 3 
to 6 OOO km of height, and the corona, a very rarefied envelope of ionized 3 
extending probably as far as the earth or further. 

jorodel for the chromosphere and the corona has been computed T 
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Woolley and Aleln ; it explains faii-ly well tlxe optical and rtbdio spectrum 
of tlie chromosphere and corona, ia absence of pertarhation (see Table I). 


Table I. - Kodels of WoolUj and AUen. 


/) (1()'* km) 

T (°K) 

log iVe (cm”“) 

4 

5 040 

0,4 

6 

ft 300 

10,4 

6,001 

14 500 

10,2 

6,01 

3ft OOO 

0,8 

6,1 

91 OOO 

9,4 

7 

231) OOO 

0,0 

10 

400 OOO 

8,8 

20 

660 OOO 

8,6 

30 

800 OOO 

8,5 

40 

9.60 OOO 

8,4 

70 

— 

8,2.6 

700 

— 

(>,.50 


4j. - The chromosphere. 

The cliro mo sphere has a spicular compositon. Bach spicule has a tliick- 
iiess of aboat 500 kin; they are more or less perpendicular to the solar limb, 
and grow above the general level up 10 0(H) to 20 000 km and disappear in 
the course of some minutes. 

Q'^he spectrum of these spicules show that they have teunpei'atures of lOOOO 
to 20000 °li; they are lienee cold elements ia a hot corona, having a tem¬ 
perature of about SOOOOO'^K. 

The density in. the spiculae is about lOOO times higher than in the sur¬ 
rounding corona. 


5. - Pronainences. 


Pronriinenees are visible (os blight structure extending bc^yond tlie sun’s 
limb, in the corona. AThen viewed on the disk they take the niime of fila¬ 
ments. Typical dimensions are 200000 km in length, 50 000 km in. heiglit, and 
lOOOO km in thickness. They are probably supported by injignetic Helds; 
when an ionized elond of gas falls in sueh a field the turbulent motions are 
stopped- The support is stable at these points -where the magnetic field is 
horizontal. A quiescent prominence may become a<?tive, activation may be 
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due to flares. The eq[uilibriuin is perturbed, and the promiiienee moves aloii 
the magnetic lines of force and may disappear suddenly. 


6. - Flares. 

Flares are sudden hrightenings of the faeulae fields. They are mostly ol 
served in monochromatic hght (H^); often they are observed several timt 
in a day. 

Only 17 cases are recorded to have been observed in white light. The 
areas are included between 100 and 1200 in units of lO-" of the visib 
hemisphere. 

They originate near quicMy developing spots. Observations ol limb flar* 
show that they reach heights of 7 000 to 16 000 km on the surface. 

Often the flare is surmounted by an ascending eruptive prominence (surge 
Several concomitant phenomena oecnr together with a flare i.e, radiobnrs 
and emissions ol cosmic rays and X-radiation. 

Flares are classified according to their area. They are classified in thr 
classes of increasing importance: 1, 2 and 3. Subdivisions are 1~ and S"'' (tho 
having area respectively less than 100 and larger than 1200. The area 
expressed in 10“® of the visible hemisphere). The light curve of the flar 
is steeper in the ascending part that in the descending part. BTares are prohab 
regions where the temperatme is the same as in the surrounding parts, b 
the electron density becomes 10® to 10^ higher than in the surrounding pai 
of the chromosphere and the corona. (iV; flare ~10^® cm-®, clir. ^10 
N'e cor —10®). 


7. ~ The corona. 

The corona is so faint compared with the brightness of the sky and wd 
the solar light scattered hy the optical parts of a telescope that it is imp< 
sible to observe it except during an eclipse. Only the coronographic equ; 
ment allows the study of the brightest parts of the corona outside an eclip 
The shape of the corona is a function of the 11 year cycle. Typical feafcu; 
are the streamers an-d the polar plumes. 

The spectrum of the corona is composed: a) of a continuous spectrum d 
to solar light scattered by the coronal electrons (corona EH) ; this fraction 
coronal light is polarized; h) of a continuous spectrum due to solar light sc 
tered by dust in interplanetary space (corona F). This light is probably i 
polarized; c) monochromatic emission by Ca, Fe, Xi, A ions, 9 to 14 tic 
ionized. The ionization is due to collisions. The electron temperature of ‘ 
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corona ia the regions ■where the yellow line of Oa XY at 5694 A (I*P=814 eV) 
appears may reach 6-10®°K. 

8. - Support and heating of the chromosphere and corona. 

How is the chromosphere supported? The great scale height is due to 
the intense turbulent motions ha'ving between 2 000 and 4000 km an average 
value of 16 km/s. 

Why has the chromosphere so high a temperature? The source of heating 
is probably the turbulence of the photosphere which in turn originates from 
the lo-wer convective motions. The main part of the convective energy is dis¬ 
sipated in the convection zone but a small fraction of it moves upward in the 
form of travelling sound waves. The heating of the corona is explained in a 
similar way. The flow of mechanical energy coming from the photosphere, 
though dissipating part in the chromosphere, is still important when it arrives 
in the corona. We can compute that at a height of 6 000 km there is equality 
between dissipation of mechanical energy and radiation Higher up the tem¬ 
perature increases because the emission of radiation becomes relatively less 
important. The radiation of the corona is the order of 5-10® erg cm“® S“^, 
whereas the inflow of mechanical energy is about a factor of 10® greater. 

This explains the sharp increase of temperature which is observed at 
6 OOO km above the photosphere. 

A part of the mechanical energy absorbed by the corona is lost by « eva¬ 
poration ». This evaporation must be important because the thermal velocity 
of the coronal gases is close to the velocity of escape. This proves that the hot 
coronal regions must necessarily he a source of particle emission. 

Probably a mass of the same order as that evaporated is accreted from 
the interplanetary dust. 

9. - Radio emissions from the sun. 

Eadio astronomical observations of the chromosphere and the corona give 
much information on the physical structure of these layers and their pertur¬ 
bations. In fact, as for all the ionized gas, they are opticailly thick for the 
radio waves, and hence good radio emitters, while in the optical dominion they 
are transparent and very poor emitters. 

10. - Background radiation. 

The solar radio emission is composed of a permanent part due to thermal 
radiation by the chromosphere and the corona; it is due to free-free transition 
of electrons in the field of ions, mainly protons. (The contribution of the 
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pkotospliere is completely neglig^eable as a consequence of its low temperatn; 

It varies slowly in tlie course of tlie solar cycle. 

Th-is is called background radiation. Moreover we observe a transient cc 
ponent, presumably due to centres of activity, which consists of: slowly vary 
component, noise storms, and outbursts of several types. 

The intensity of the quiet sun is obtained by eliminating the transit 
components. The computations of the emergent radiation for a chrom 
pheric and coronal model offer no difficulties, and a comparison between ( 
served, and computed spectrum of the background radiation allows us to der; 
temperature and electron densities as a function of tlie height. 

We remember that the refraction index {jb of an ionized gas is equal 

Vi— ifcIfV, where in the mks-system is given by — 9\/JZV,,. For 
the radio waves propagation is normal. For /</e/z is imaginary, the wa'\ 
cannot propagate. 

(3-oing np in the corona, the electron density decreases, decreases t( 
and the propagation of lower and lower frequency waves becomes possib 
For example wave-lengths shorter than 3 cm can propagate for the wlu 
chromosphere aind corona, while waves longer than 10 m can propagate on 
in the high-corona. Hence 3 cm radiation comes from the whole atmosphei 
but since the absorption coefficient of HII is given by If t 

chromosphere emission is more important then that of tbe corona. In fa 
observations show that the temperature of the disk at centimetrie wave-lengt 
is tbat corresponding to the lower chromospheric layers, which are the ma 
contributors of the emission; the temperature at metric wave-lengths 
that corresponding to the coronal layers (for temperature we mean tl 
equivalent temperature of the disk; i.e. the temperature of a black body 
the sanae angular size of the sun which gives the same flux density which 
observed fox the sun). The angular size of the sun increases with the wav 
length, and corresponds to the height of the different layers wliich are the ma: 
contributors to the emission. 

11. — The slowly varying component. 

The period of variation is about 27 days (which is the synodical rotatio 
period). There is a strict correlation between sun spot area and flux deiisib 
The curve extrapolated to zero sunspot area gives the background radiatio 
level. The origin of the slowly varying component is probably therma 
Since its spectrum extends only from 2 to 60 cm it is thought that the layei 
where this radiation arises are in the chromosphere and in the low coron? 

It probably originates in the coronal condensations. These condensation 
are found in the region over a spot group; the electron density in the con 
densations is higher than in the near regions. 
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Tke temperatures of the coronal condensations w'ere iDelieTed to l)e 
tlian in the nearly regions. Eeoent ohseryations hy Ohristiansen an 
THEyrsoN" vith. an interferometer show that this is not case an e em 

natures are eq[Tial to the surrounding parts. _ 

The temperature and density of the condensations permit ns o eompu 
the expected radiation by thermal mechanism ; this is in agreemen wi ^ ^ 
oteerved ladiation) so one is jratified in thinking that this comjionent is 

thermal. 


12. Noise storms and type I bursts. 

They appear on areas overlying a hig group of spots. 

Their spectrum is extended between 1 m and 15 m. The equivalent tempe¬ 
rature attains 10 » TC and the emission mechanism must be nonthermal. Ba lo 
storms are in correlation only with a spot gronp the area oi which is larg^ than 
400-10"® of the visible hemisphere 5 this has been interpreted as ne o e 
fact that radio-storms can arise only when the magnetic field of the spo 


Tabxe II. - Non-tUrimal radio pUmome^ia. 


Class 

Duration 

Polar- 

izartion 

i 

' 

Associated 

optical 

features 

Spec- 

tx’um 

Dynamic t 
spectrum 

Corre¬ 

sponding 

speed 

km/s 

Type I 
or storm 
bursts 

Individual 
lifetime <1 s; 
the noise storm; 
hours or days 

Mainly 

polarized 

109 

Big spot 1 

groups 

{A> 400-10"®) 

1 to 1.5 m 



Type II 

(1 -r-10) min 

V ariable 

> 10^9 

Pla.re 

cm, dm, 
nr 

— 0j \ Mil zj 

1 - 

10» 

Type III 

:<8ome 

seconds 

"Variable 

> 

Small flare 

cm, 
dm, m 

df/dT^ 

— 100 MHz 

' 10“ 

Type IT 

<;sonQe 

seconds 

Variable 

> 1011 

Small flare 

cm, 
dm, m 

dfJdT from 
-1- 100 to 
— 100 MHz 

1 10“ 

Type IV 

Hour 

Circular 

101^ 

Flare 

cm, 
dm, m 



Type V" 

Minutes 

1 

Circular 

> 10'^ 

Flare 

cm, 
dm, ru 







10 


M. HACK 


sufficiently strong to reach a height of 60 000 km (corresponding to the metric 
waves, emitted by the storms). The spectra of the bursts correlated with the 
storms are characterised by having a very short wave-length band (few MHz). 

So the storms are observed at the same time at metric and decametric 
wave-length, but there is a big difference in the details since there is no cor¬ 
relation at all between bursts even at closely similar wave-lengths. 


13. - Type II and III, IV and V bursts. 

Type II and III bursts consist in sudden increases of solar radiation cor¬ 
responding to apparent temperatures of the order of 10or 10 since 

they cover only small areas of the solar disk, the brigthness temperature is 
much higher. But the most interesting characteristic of these bursts is that 
they do not occur at the same time at the different frequencies, but first at 
shorter wave-lengths and later at longer wave-lengths. The « dynamic spectra » 
of type II bursts show a frequency drift dfjdt =:=: — 0.1 MHz S“i to —1 MHz s-^. 

Type III burst show a frequency drift d.fldtc:=i —100 MHz S"^. 

For this reason they are also called respectively slow drift and fast drift 
burst. Bemembering that an increasing wave-length of the ra.diation emitted 
corresponds to an increasing height in the solar atmosphere this frequency 
drift corresponds to a velocity of propagation of the disturbance of some 
100 km/s to lOOOkm/s for the slow drift burst and of about 100 000 km/s 
for the fast drift bursts. 

Type II bursts last about 10 minutes and occur in the postmaximum phase 
of certain large flares. Polarization is usually random. 

Type III bursts are common events lasting about 10 seconds. They occur 
in groups near the start of flares. Polarization is usually weak or random. 
Type IV bursts are associated with type II. They ai*e rare events lasting 
10 minutes to hours and start late in the life of certain flares, following a 
type II hurst. Their spectrum is a featureless continuum. Polarization is 
circular. 

Type V bursts are associated with type III. They last about 1 minute and 
immediately follow certain type III bursts. Their spectrum is a featureless 
continuum. Polarization is circular. 

U hursts: are a variety of type III bursts; the frequency drift starts nor- 
mally, becomes retarded and then completely reverse, so the dynamic specti'um 
resembles an inverted U. 

More than 50 % of the small flares are followed by type III bursts, but 
very few or none of the larger flares. The contrary is true for type II: none 
of the small flares hnt almost 30 % or more of the larger flares are followed 

^yp® II bursts. 
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The probability for a type II burst to be followed by a type IV is 10 -h20 %. 
If the flare is of importance 3 the probability becomes 30 %. 50 % of type II 


Table III. - (From J. P. Wild: Eendioonti S.I.F. Oorso XII (1969)). 


Flare importance 


1 

2 

3 

Type III 

20 .25 

50 

? 

? 

Type II 

0 

2 

7 1 

1 

31 


bursts and a few % of type III bursts show duplication of their spectral 
features at twice the frequency; i.e. the same bursts radiates at a fundamental 
frequency and at its second harmonic. 


14. - Interpretation of the phenomena correlated with bursts of type II, III 
IV and V. 

The existence of harmonic in type III and II bursts indicates that emis¬ 
sion is generated by electrons oscillating at a proper frequency. Since the 
critical frequency (or plasma frequency /<. = 9 ViVe MHz, with W,., in m"®) is 
continuously varying in the solar atmosphere with increasing height, the view 
that type II and type III bursts originate in plasma oscillation has been 
accepted. According to the plasma hypothesis the systematic frequency drift 
is interpreted as an outward motion of a disturbance which excites plasma 
oscillation in the surrounding coronal gas; the greater the height of the dis¬ 
turbance, the loAver the electron density and hence the lower the frequency 
emitted. Knowledge of the electron density as a function of the height allows 
us to derive the radial component of the velocity of the source. A direct veri¬ 
fication of this hypothesis has been given by Wild, Sheridan and Keylan [3], 
observing interferometrically about 100 type III bursts at the limb of the 
sun. From the direct observations of the tangential motions of the disturbance 
it 'VYas found that the regions of origin are at much greater height than ex¬ 
pected from the application of coronal models of electron density. The model 
required to fit the observation needed electron densities to be increased by a 
factor of about 10. However the required model agrees closely with that de¬ 
duced optically for typical coronal streamers. 

The wider separations of plasma levels indicated by the interferometer 
observations at the limb, lead to a revision of the velocity of type III 
disturbance. The mean velocity is 0.6 c and there is a sharp low-velocity 
cut-ofl’ at 0.2 c. 

Corrections must be applied also to the velocity of type II bursts which 
are found to be of 1000 to 1500 km/s. 

The type V bursts lack the features such as discrete bands, frequency drift 
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and harmonics indicative ol plasma emissions. It lias been suggested that 
synchrotron radiation from electrons spiralling in a magnetic field can explain 
type V and type IV hursts-radiation. Wild [4] computes that at least 
electrons with energies of 2 MeV or greater are required to explain the observed 
emission. A magnetic field < 1.5 G is admitted for the upper parts of the 
corona. Since observations show that the emitting region attains large sizes 
(6 *10® km) this total number of electrons corresponds to an electron density 
less than 30 em~®, wMch is 10~® the electron density of the corona at 
700 000 km from the limb. Hence this density of relativistic electrons is ac¬ 
ceptable. The observed polarization of radiation from type V and IV bursts 
is another point in favour of the hypothesis of synchrotron radiation. Wild [4] 
suggests the following sequence of the events: a flare is originated by an ex¬ 
plosion near the photosphere; this explosion causes a stidden increase in the 
emission of light (the flare); ejects a stream of relativistic electrons which 
escapes immediately into the outer layers of the corona and beyond (III and 
V type bursts) and sets up a shock-wave which carries with it further rela¬ 
tivistic electrons (II and IV types bmsts). The physical nature of this postu¬ 
lated explosion is an unsolved problem. Almost 10®® relativistic electrons are 
produced during a flare; the particles follow a spiral path along tlie lines of 
force, which are materialized by the coronal streamers and excite the (‘oronal 
plasma, causing type III hursts. The same relativistic electrons radiate syn¬ 
chrotron radiation causing type V bursts. In several eases the particles escape 
in the interplanetary space, but in other cases they come back following a 
line of force; so we have the U bursts. The shock wave originated by the same 
explosion moving in the coronal plasma at a velocity of about 1OOO kin/s (about 
10 times the sound velocity in the corona) excited the pla.sina and causes 
type II bursts. The magnetic field and relativistic electrons c'arried hy the 
shock-wave originate type IV bursts. 

Since the radio emission from flares is correlated to the ejection of solar 
particles, we must expect that cosmic ray increases and geomagnetic storms 
are correlated with the appearance of flares. 

The occasional large increases in the flux of cosmic radiation observed on 
the earth following flares start 10 to 30 minutes after the start of the flare, 
despite the relativistic velocities of the particles. It has been suggested that 
their emission from the sun must be delayed. Dbnisse, Boischot a,iid PiOK- 
Gutmawn [5] find that with a few exceptions, these flares are of importance 
3 and 3''‘ (the most important observed flares, according to tlie symbols used 
by the astrophysicists) and are followed hy the most intense type IV radio 
bursts. Since all the increases in cosmic radiation correspond to type IV bursts, 
they suggest that type IV sources are responsible for ejecting cosmic rays. 
The delay between flare and cosmic rays increase is explained by Obayashi 
and Haktira [6] assuming that the ejected clouds would trap the magnetic 
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fields of sunspots or the (H)roiia and travel outward tlu'ougli the solar atmos¬ 
phere into interplanetary spa(*e. Hi^^h-eller^ify particles nuiy be trapped partly 
in such magnetic (‘louds during tlie ea.rlier stage of their passage through inter¬ 
planetary spa(‘e. HoAveyer, as the cloud undergoes an {expansion and its mag¬ 
netic field is diluted, then high energy particles may gradually escape from the 
cloud and reacli the eartli. 

The recognition of sudden (*onimencenients of terrestirial magnetic storms 
1-^3 days after large flares sugg<^sts a iHdafionship with type II outbursts. 
No significant correlation with type III bursts was found. The correlation 
between, geomagnetic storms and lY type bursts is close. These results sug¬ 
gest that the presence of t<ypt‘ IV burst is au indication of the amount of 
matter transported from tln^ flare by the se(*ond-])lias(:*. disturbance. 

DeJageh suggests [7] that sohir X-rays at short waves lengths (^lA) 
and type III radio bursts ai’c both caused by similar streams of fast electrons. 
The X-radiation would be synchrotron radia-tioiu 

This hypotliesis has been confirmed by oliservation of Winoklee, May 
and Maslby of a strong X-ray burst (11 August 1900) wliich coincides exactly 
in time with a burst of type III observed by Maxwell et al. 
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An Optical Phenomenon 
Associated with Type IV Solar Radio Emission. 

J. H. Eeid 

Bunsinh Observatory - Dublm 


This new phenomenon, observed by hydrogen H^-Ught,, is associated with 
some Class 3 and 3 -f- solar flares and appears as a dark halo surrounding the 
bright emission flare filaments. We propose to call this effect tlie «flare 
nimbus» [1]. 

So far we have observations of five cases; 

1959 July 16 

1960 April 1 
June 1 
November 10 
November 12 

The first and last of these flares generated high energy protons which re¬ 
sulted in secondary cosmic ray effects at ground level, the otlier three were 
followed by polar cap absorption events and all five flares had emission of radio 
noise of Type IV. 

The flare nimbus first appears near the time of the maximum intensity 
of the flare filaments as seen by hydrogen light, and in only one (3ase (June 1) 
was it seen before the maximum. The most conspicuous phase of the nimbus 
appears about 30 minutes after the flare maximum and its dimensions lie in 
the range (2-f 4)-10® km or 4.5'-.-9'. The duration of the nimbus is > (14-2) 
hours. 

The continuum radiation of Type IV usually begins near the time of the 
flare maximum (observed optically) and has a duration of the order of several 
hours. It reaches maximum intensity some (20-^30) minutes after the start' 
and the size of the source on the sun, as measured at 169 MHz with the Nan^ay 
interferometer, is of the order of 7'12'. 
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Thus, the flare nimbus and the Type IV radiation source liiwe comparable 
characteristics and we believe that the nimbus may be regarded as the optical 


counterpart of the cloud of relativ¬ 
istic electrons postulated by Boisohot 
and Denisse [2] as the cause of the 
continuum radio emission. 

It is not very obvious why these 
high-energy electrons should have 
any visible effects at the chromo- 
sphex'ic level. The electrons, hoAv- 
ever, are not stationary and if we 
assume tliiit each is moving in a 
helical trajectory along lines of force 
they will perform oscillatory move¬ 
ments between the reflection x^oints 
in the magnetic field. 



A tyx>ical magnetic looix in the coronal region is shown in Fig. 1 and such 
a region may act as a trap for these high-energy particles during their lifetime,, 
which is of the order of a few liours. 


Energy decay through collisions will be most rapid at the reflection jxoints 
in the chroraosiihere and the flare will be surrounded by an « auroral zone » 
in whieli the collisions will be most numerous. Thus the absorption of light 
may be caused by the excitation of neutral hydrogen atoms in the second 
quantum level. 


Note added in proof. 

The results of a recent jihotometric investigation [3] ot* the nimbus phenomenon 
suggest that it is not an absorption elfect as suggested above, bnt arises from the 
brighter parts of the striatioii jiattern surrounding the flare returning to the intensity 
level of the darker background, due xierliaps to the extraction of magnetic energy 
from the region. It is believed that flares producing Type IV radio emission may 
eject the active region magnetic field into space [4] and the relation of the nimbus 
to this type of radio emission can thus be accounted for. 
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Motion oi Cosmic Ray Particles in the Geomagnetic Field. 

H. Elliot 

JPJi'i/sics Department, rmperidl College - London 


A ]>roper undeistaiidiiig of the motion of cosmic ray particles in tlie earth’s 
magnetic field is important for a number of reasons. In the first place, ve 
can use the earth as a magnetic spectrometer enabling us to measure the mag¬ 
netic rigidity spectrum of the primary particles and to determine how this 
yaries in time as a result of the various solar modulation processes. It also 
enables ns to measure the spectrum of solar particles accelerated in flares 
and having momenta in the region 2 to 15 G-eY/c. Again, in interpreting aniso¬ 
tropies in the radiation incident at the earth’s surface, we need to hnow the 
relationship between the incident dhection at the earth and the asymptotic 
direction outside the field as a function of particle momentum. Finally, tlie 
cosmic ray intensity changes which arise from distortion of the outer regions 
of the geomagnetic field provide us with indirect information about the nature 
of these field distortions. We can only expect to derive useful information in 
the latter ease if we have a complete understanding of the effect of the intenial 
parts of the earth’s field, and I shall begin by considering this part of the ficdd. 

The magnetic potential due to sources inside the earth may be represented 
to any required degree of accuracy by means of spherical harmonic functions. 
Thus we may write the potential, V, in the form 

(1) X In where Vr^=^~\ T„ 

and is the radius of the earth, r the distance from its centre, and In is a 
complicated function of latitude and longitude, n—1 corresponds to the axial 
dipole term, n = 2 to the quadruple and so on. The greater part of the field 
arises from the dipole term which, according to the 1955 magnetic data, cor¬ 
responds to a magnetic moment of 8.1 *10^®Gin®. The axis of this dipole cuts 
the earth’s surface in the northern hemisphere at 78.2° N and 69° W. 

A better representation of the field as a .whole is obtained by displacing 
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the dipole to a position 433 km from, the g^eocentre and. at 15.3° IN' and 151.1° B. 
This representation takes into acconiit part of ttie -n — 2 term neglected in 
the centred dipole approximation. All the early work: on the motion of cosmic 
ray particles in the geomagnetic field was based on the dipole representation 
althoagh, as we shall see, this is not in fact a particularly good approximation. 

Bor a dipole field, there are, in general, certain regions of space which are 
accessible to particles coming from infinity whereas other regions are inac¬ 
cessible. Bor an axially symmetric system, that is to say a dipole field embedded 
in an isotropic flux of incident particles, the forbidden regions must also be 
axially symmetric, and it is therefore snfiicient to consider the intersection 
of these regions with a meridian plane. In such a plane, the forbidden and 
allowed regions for particles approaching from infinity are specified by the 
« Stormer integral» of the equations of motion, 

(2) == J?eos;i Sin^ H- 

JOh 

■where y is a constant which is proportional to the impact parameter relative 
to the dipole axis of the incident particle, at infinity, A is the geomagnetic lati¬ 
tude, 0 is the angle between the velocity vector of the particle and the me¬ 
ridian. plane, and JR is the radial distance from the dipole measured in Stormer 
units. (One Stormer unit is eqnal to -y/MjP, M being the dipole moment and 
P the particle rigidity given 'by P = pcf where p is the momentum, c the 
velocity of light, snid jZe the particle charge.) 

Since sin 6 must lie between ±: 1 for a real particle, the honndaries be¬ 
tween the allowed and forbidden regions 
are obtained by putting | sin 61=1 
in eq. (2). 

In general there are two allowed 
regions—the outer one extending to in¬ 
finity and the inner one which contains 
the dipole. These two regions may 
or may not be eonnecited, depending 
on tlie values of y. For yC 1 the re¬ 
gions connect, whereas for y > 1 they 
do not. Bigure 1 shows the appearance 
of the allowed and forbidden regions at iu a meridian plane- 

their intersection with a mericLian plane. 

It can be shown that the raininanm rigidity which a particle must have to 
reach the earth’s surface is giyen by putting y—1. At this yalne of y the 
outer and inner regions are just beginning to connect. We are most frequently 
interested, in cosmic ray problems, in the minimum rigidity a particle needs 
to arriye at the earth’s surface at vertical incidence, which corresponds to 



2- liemUconU S.I.F. - XZIX:. 



18 


H, ELLIOT 


sin 6 = 0. Thus for this state of affairs eq. (2) becomes 

cos® J. 

^ = ~w~ 

vhere H is measured in Stormer units, i.e.^ 


being the radins of the earth in cm; then 
(3) - or i>^.= ^cosn= 14.9 cos’;i in GeV. 

Vjf/P„,. 2 irl 

Lemaitre and Tallaeta ha've shown by the integration of individual 
trajectories that whilst particles with rigidity less than cannot reach the 
earth at latitude A it does not always foUow that particles with rigidity Pxnm 
or greater can do so. There are in fact forbidden regions additional to those 
given by the Stormer relation and those produce an increase in the value of 
over that expected from Stormer theory. Corrections for this have been 
calculated by Kaspee so that the accdrate values of for a dipoles field 
are as follows. 



70 , 

60 

50 

40 

30 

20 

10 

0 
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2.52-1-0.15 
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14.1-1-0.4 
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Whilst these values of are accurate for a dipole field they are true 
for the earth only in so far as the geomagnetic field can be represented by a 
dipole to the exclnsion of all the higher order terms in eq. {!), Nevertheless 
for many years they sufficed. 

Discrepancies between the measured cosmic ray distribution over the sur¬ 
face of the earth and that to be expected for a dipole field appear to have 
been first noticed by JoHNsoiir in 1938, who pointed out that there appeared 
to he a correlation with the local field intensity. The introduction of nucleonic 
detectors about ten years ago led to much greater sensitivity in determining 
the dependence of the cosmic ray intensity on latitude and longitude, anc 
the wort of Dose, Fenton, Katzman and Simpson revealed the existence 
of serious discrepancies. In particular, at 30° W longitude the minimum cosmi< 
ray intensity occurred 9° N of the geomagnetic equator. At about the sann 
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time Waddington reported significant discrepancies between the a-particle 
intensities observed at balloon altitude at similar geomagnetic latitude over 
Europe and North America. 

Rothwell and Quenby, in 1957, showed that the intensity of the nucleonic 
component was closely related to the local values of the field parameters, indi¬ 
cating that the higher order terms in eq. (1) are of importance in determining 
the threshold rigidities for primary particles reaching the earth. 

There is no simple analytical integral of the equa.tions of motion when the 
non-dipole terms are taken into account, and the only rigorous solution of 
the problem involves the integration of a large number of trajectories in order 
to identify the asymptotic one corresponding to The effect of the high 

order terms is very great in some parts of the world. In the South African 
regional anomaly, for instance, the correction to the dipole threshold rigidities 
may amount to as much as 30 or 40%. Consequently a comparatively crude 
correction is much better than none at all. Quenby and Webbee, have made 
an approximate calculation of the corrections involved, taking into account 
the spherical harmonic terms from ^^ = 1 to ^^ = 6. 

Terms higher in the series than this have a negligible effect. Tables setting 
out these corrections were published by Quenby and Webber in 1959 and 
some refinements of their calculations have since been carried out by Wenk. 

Figure 2 shows the lines of equal threshold rigidity calculated by Wenk. 
These calculations, which are only approximate, are based on the assumption 
that the motion of the cosmic ray particles in the earth’s field is, to a first 
approximation, the same as for a dipole field. In the equatorial region, the 



geographic longitude 


Fig. 2. — Lnes of equal threshold rigidity (Quenbt and Wenk). 
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higher order terms are taken into account by changing the dipole moment, 
whereas at high latitudes they result in. a change in the geomagnetic latitude, 
the changes being deduced from Hultquist’s computation of the end points 
of lines of force in the real field of the earth. The lvalues of threshold rigidity 
obtained in this way are probably newer wrong by more than 10% or so. 

More recently KELiiOGG has determined the threshold rigidities in the 
equatorial region by integrating trajectories in a field represented by the sum 

of the first six terms. He has used 
the walues of the threshold rigidity 
deduced in this way to compute the 
position of the cosmic ray equator. 

Figure 3 shows a comparison 
between the cosmic ray equators 
deduced from the work of Quenby 
and Webber and of Kbelogg and 
that determined experimentally by 
Simpson. 

The calculations of Quenby and 
Webber and Wenk refer only to 
the Stormer thresholds and take 
no account of the penumbra. An 
empirical correction for the penum¬ 
bra has been deriwed by Quenby 
and Wenk in collaboration with the 
Chicago group using the data from 
Simpson’s airborne surwey of the 
neutron intensity in the equatorial 
region. This has been done in the 
following way. Along the cosmic ray equator the effect of the penumbra is 
negligible but the threshold rigidity, and therefore the neutron intensity, de¬ 
pends upon longitude. Consequently, by comparing the latitude wariation in 
the neutron intensity with the variation in intensity with longitude the change 
in threshold rigidity due to the penumbra can be ewalnated. This correction 
has been included in the map shown in Fig. 2. Figure 4 shows a comparison 
between the empirical correction for the penumbra deduced in this way and 
the correction calculated by Scbcwartz for a pure dipole field. 

The discrepancies between positions of the geomagnetic and cosmic ray 
equators were at first incorrectly attributed to tbe distortion of the outer 
reaches of the dipole field by external current systems. There now exists, 
however, a considerable body of evidence which can only be interpreted in 
terms of such current systems. 

The first defimte evidence for an increase in the cosmic ray intensity at 



Fig. 3. — Comparison between observed and 
predicted positions of the cosmic ray « equa¬ 
tor »: J Simpson et al.; - Qttenbt and 

"Webber; —x — Kellog (2* integration). 
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sea level, due to the external deformation of the field, was obtained toy Japa¬ 
nese workers. Using data for tie magnetic storms of September 13, 1957 and 
February 11, 1958, they have shown that the anomalous increase in intensity 
obseryed during the main phase of these storms could be explained as a 
lowering of the geomagnetic 
threshold rigidities by the ex¬ 
ternal current system. Olianges 
in threshold rigidity of np to 
1 G-T are required to account 
for the observations. 

Direct evidence for the ar¬ 
rival of solar hare particles at 
the times of magnetic storms 
with rigidities below those ap¬ 
propriate to the undisturbed 
field has been obtained by a 
number of workers, and the 
changes in cosmic noise absorp¬ 
tion at high latitudes during these events also indicate severe distortion of 
the field. 

The most important form of field distortion we have to consider—although 
perhaps not the only one—is that produced by a ring current generated by 
plasma trapped in the field. The existence of a ring enrrent was postulated 
long ago to explain the motion of auroral displays towards the equator at 
times of magnetic disturbance and to account for the equatorial field changes 
during the main phase of a magnetic storm. Kesnlts strongly supporting the 
ring current hypothesis have recently been obtained by means of earth satel¬ 
lite and space probe magnetometer measurements. Data from Explorer TI 
and Pioneer Y obtained by the group at Space Technology Xaboratories are 
consistent with a current of the order 6-10® A flowing in a westerly direction 
at a distance about 10 earth radii out from the centre of the earth. The current 
system is supposed cii’cular in cross-section. In order to produce the best fit 
with the measured field the radius of this circular cross-section has to be about 
three earth radii. This current system appears to be a permanent feature 
of the outer geomagnetic field. 

The effect of an axially symmetric system on the geomagnetic threshold 
rigidities has been discussed hy Treiman and by Ray. They have shown 
that the effect of such a current system is to lower the threshold rigidities 
below those which prevail for a purely dipole field. 

Figure 5 is a diagram prepared by Webber showing the changes in thresh¬ 
old rigidity produced by three different ring current configurations according 
to Ray’s calculations, which are based on a filamentary ring current. Also 



Pig. 4. — Pemirnbral correction, to geomagnetic 
threshold rigidities. 
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sTiown on. the same diagram, are the changes to he expected if a uniform large 
scale field, oppositely directed to the earth’s field at the equator, is super¬ 
imposed externally. This situation would correspond physically to that "where 
the earth is situated in a large scale interplanetary field with a direction per¬ 
pendicular to the plane of 
the ecliptic. The existence 
of a field of this hind has 
been inferred by Sonett 
from magnetic measurements 
in the space probe Pioneer Y. 

On the diagram, Webbeb 
has plotted a few points in¬ 
dicating the changes in geo¬ 
magnetic threshold "which he 
has deduced using data ob¬ 
tained during the solar pro¬ 
ton/magnetic storm events of 
iVCay 11 and Jnly 14-17,1^59. 

Figure 6 shows a compar¬ 
ison between calculated and 
observed threshold rigidities 
over North America. There 
a"Dnears to be a real indica- 



50‘ 


55 “ 


60* 


65“ 


Tig. 5. - Changes in threshold rigidity produced by tion that the observed thresh- 
external current systems (after Webber). olds are iu general lower than 

those calculated on the basis 
of the internal field only. This situation wonld be compatible with the exis¬ 
tence, as a normal state of affairs, of a ring current of the magnitude suggested 
by the Explorer VI and Pioneer V measurements. 

Up to the present time the only calculations of the effects of external cur¬ 
rent systems have been carried ont for axially symmetric fields for which a 
Stormer integral can be found, that is to say for an internal dipole field plus 
either a uniform or symmetrical external field. The computation of geomagnetic 
thresholds for comphcated non-symmetrical fields is likely to be expensive in 
terms of machine time. 

At Imperial College a programme of threshold determination has been 
started by C. J. Bland using a magnetic scale model technique basically 
similar to that employed by MAiiynpoRS and by BRxrNBERG and Dattneii for 
deter m i u mg the asymptotic direction of cosmic ray primaries incident on the 
earth. The magnetic field of the terrella is generated primarily by means of 
coils, tbe xegioual anomaly field being prodnced by permanent magnets si¬ 
tuated inside the terrella at suitable points about half-way between the centre 
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and tlie outside surface. In. the ease of tlie eartli it is known that the anomaly 
fields can. "be represented hy radial dipoles situated near the surface of the 
core. The cosmic rays are simulated hy electrons fired outwards from, tlie 



Fig. (i. - Comparisonbetween olbservedand calculated tlireshold rigidities (after QuENBr); 
# C-8 (observed); o emulsion (ohserved) ; <> HxmTQXiiST J; +■ Quenby and WriBBEE. 


surface of the terrella with a.ii appropriately scaled energy. The radius of the 
teiTolla is 10 cm, the surface field - 80 G, and the energy of the electrons 
in the neighbourhood of 200 eV. 

Tignre 7 shows the terrella positioned inside a vacuum tank which is 
cylindrical in shape having a diameter of 30in. and length 3ft. Sin. This 
tank can be pumped down to a pressure of 10"® mm ITg and the whole ap¬ 
paratus is situated in a field free region produced by the large coils shown 
in Figure 8. 

In determining the geomagnetic threshold rigidities the electron gun is 
positioned at the appropriate latitude and longitude and the ratio of the gun. 
current fiowing to the terrella, iterwnaj that flowing to the tank, is 
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Pig. 7. - Terrella used for esperimental determiiiation of threshold rigidities. 
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Vacuum tank and compensation coils for terrella. 
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measured as a functioa of either magnetic field or electron energy depending 
on 'which’ is more convenient. If the electrons have a magnetic rigidity below 
t)he threshold they can move only to the terrella. If, on the other hand, their 
rigidity is greater than the appropriate threshold, they can escape to the tank. 
Consequently the ratio changes sharply when the threshold is reach¬ 

ed. The corresponding cosmic ray threshold can then be determined from 
the values of the magnetic moment and electron energy at which the sharp 
-change in the ratio of the two currents occurs. 



-Fig. 9. — Threshold rigidity curves determined for a dipole field, using the terrella- 


Figure 9 shows the thresholds measured in this way for several different 
latitudes in a purely dipole field used as a control. It will he seen that at 
A = 0 the change in current ratio is quite sharp but as we go to higher lati¬ 
tudes the cmve becomes more complicated and there is no longer a unique 
threshold. This effect is due to the penumbra which lies between the Stormer 
cone, inside which all directions are forbidden, and the main cone, outside 
which all directions are allowed. The penumbra is made up of both allowed 
and forbidden directions and this is rejected hy the complexity of the curves 
in Fig. 9. 
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Bland is just about to be^n measurements of tlie threslioMs using his 
model of the earth’s.field incorporating the regional anomalies, and this ii 
be Mowed by an investigation of the effects of some non-symmetrical external 
■current, configurations. 

In conclusion, it would be fair to say that we now My appreciate and 
understand the effects of the internal parts of the earth’s field on the cosmic 
rays, and, given sufficient computation time, there is no reason why the 
geomagnetic thresholds should not be My calculated to any degree of ac¬ 
curacy merited by our hnowledge of the field itself. In so far as the external 
field is concerned, we are only just banning to appreciate its importance in 
■cosmic ray studies and a proper quantitative appraisal must await detailed 
information of the current systems involved, but it seems that the changes 
in threshold rigidity produced by the external field do not in general very much 
exceed 1 &V, maximum change taking place in the region 50° to 60“ latitude. 
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1. - Introduction. 

There haye heen several veil known instances of the acceleration by the sun 
of cosmic ray particles which have been detected at sea level by the traditional 
methods: the neutron monitor and the meson telescope. It was at one time 
suggested that this was a very nnusnal property of solar flares, and indeed tliat 
extremely large chromospheric disturbances and nnusnal conditions near the 
sun were regnired to accelerate particles and to allow them to escape. At the 
present time it is thought that cosmic ray particles, principally protons, are 
accelerated and escape from the sun much more often than was formerly thought, 
hut that their energy spectrum is such that they can usually be detected only 
by their effects at high altitudes and high latitudes. Not every class 3-f solar 
flare is followed by such a «solar beam » interacting with the earth and tliis 
situation makes the problem of the solar beam an attractive one, having rami- 
flcations which lead far from the traditional areas of cosmic ray research- 


2. - Radio observations. 

Radiation from the galaxy as a whole mnst pass through the ionosphere 
to reach the earth. Since the time scale of galactic changes is longer than that 
of solar system changes the radio output of the galaxy does not appear to 
change with time, and therefore observations of the signal strength can sliow 
variations which are characteristic of the ionosphere. If a plane wave is. 
incident upon the ionosphere, after traveling a distance d, 

= Bq exp [— Kd] , 


(*) NASA postdoctoral research associate. 
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and tlie absorption, in. db is 


1=20 logic 




For a single passage of the ionospliere 


^== 
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2Tie^ 1 Wv 

me ju (o) coi) 2 


} 


'wrhere N = electron density, a> = frequency, /u = index of refraction., cOj^ = gyro- 
frequency and v = collision frequency. 

It 11 = 1 . and 'J'C (ca dr^Wj:) S't high altitude, then {7cla)^)j^vdjS. The 
time constants of the processes are sncli that equilibrium can be safely as¬ 
sumed at all times. Thus, the absorption in the ionosphere is proportional 
to l/co* and to JJTrd;®^. If the -variation of V vith heiglt and also the Varia¬ 
tion of V with height is kno^vn, then the absorption can. be calculated. The 
electron density is here supposed to be due to particles traTeling in the earth’s 
field, and incident primarily at high latitudes becanse of this field. However, 
the variation of JV vitli height obviously depends upon the energy spectrnm, 
and furthermore the collision frequency as a function of height is not a well 
known quantity, so the exaot height at which the maximum of absorption takes 
place is still subject to some doubt (*). 

An idea of the sensiti-vity of the absorption can be gained from, a rough 
calculation which shows that the method ean detect protons equal to 10 times 
the normal cosmie ray background incident on the upper hemisphere with 
energies greater than 100 MCeV at 65° geomagnetic latitude. The instrument 
prodLuced by liirTLE and Leinbaoh: [3] to measure ionospheric absorption using 
these principles is called a riometer. 

Ionospheric absorption can thus detect the incidence of particles which 
could never make themselves felt at the ground. The riometer was first made 
to study the auroral absorption which is such a nuisance to radio communi¬ 
cation in the north. It was noticed that a lew bonrs after large solar flares 
the instrument often shows a characteristic slow increase in absorption, even¬ 
tually reaching a maximum which, subsequently decays over a period of several 
days. During this time a normal ienosonde, which operates at a much lower 
frequency and requires a double passage of the ionosphere, is completely 
« blacked out». The absorption gradually disappears, and during the latter 
part of the time, after the sudden commencement of the geomagnetic storm, 


(“) A comprehtensive calculation on the variation with height of the absorption a» 
a> function of latitude and energy speotruui, based on the best values for the oollision 
frequency has been published by Brown and WriiE [1], and by Keid [2]. 
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Strong auroral absorption is superimposed. The large -value of the absorption 
observed on. some occasions (greater than 15 db at 27 MHz), and the strong 
latit-ade-dependence indicate a large flux of low energy particles, an obvious 
field for study by traditional cosmic ray methods. 

Figures 1 and 2, show t-wo records of recent events. The most obvious 
feature of these is the night-time recovery of signal strenght. This is a local 
effect caused by the attachment of free electrons. During the day, the inci¬ 
dent radiation can detach these electrons, but after sunset at the height of 
the absorbing layer, about 50 km, they are not available to load the radio 
waves. The most likely candidate for the attaching molecule is Oa but IsTO 
may play a part [4]. In a calcnlation "nsing a simple trial spectrum, Hailev [5], 
reproduced this day-night effect, predicting a ratio of about 6 to 1 for the 
absorption (see also [2]). 




Tig. 1. - Riometex records from College, Alaska, and Port Churchill, Canada, for the 

Kovember 1960 cosmic ray event. 


In practice, differentiation between polar cap absorption (P.C.A.), as this 
effect is called, and auroral absorption is not difficult, but in any case propa¬ 
gation by tropospheric scatter is immune to a-uroral absorption (Hailey, pri¬ 
vate communication) as the scattering takes place in the J> layer. 

As was mentioned previonsly, a normal ionosonde shows blackout condi¬ 
tions during a P.O.A. event. ]Now the riometer observations do not go back 
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in time beyond 1957, so that statistics of time variations are poor. These can 
be improved by using periods of ionosonde blackout, with the further advan¬ 
tage that ionosondes are very well distributed geomagnetically. 
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Fig. 2. - Churchill, Canada, riometer record during September 1960 event (27 MHz). 


The results of Collins, Jelley and Matthews [6] are an example of the 
use of this technique. After a suitable comparison with riometer results they 
set up criteria to diagnose a P.C.A. from ionosonde records. These were: 

1) Beasonably continuous blackout conditions, that is, no « non »black- 
out » for more than f hour during an event. 

2) Duration of blackout greater than 3 hours. 

3) Several stations should see blackout conditions simultaneously. 

Using information from the Canadian « net» of stations, they found the 
time distribution of P.C.A. events from 1949 to 1959 (Fig. 3) and the distri¬ 
bution of events per month during that time (Fig. 4).- A satisfactory corre¬ 
lation with the sunspot number is shown, and" the tendency for P.O.A.’s to 
be detected during the northern summer is illustrated. 

Statistical examination of P.C.A. events tends to show that the longer 
the time from solar maximum the greater the effective beam velocity, defined 
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as tlie distance from tlie sun. to the earth divided hy the time between, the 
flare and the start of the P.C.A. event. Another fact to keep in mind is that 
flve out of the six great cosmic ray events have been, detected at a time more 

than, two years away from 
solar maximTim. 

An examination of the 
distribution of P.C.A. events 
in the two hemispheres using 
this technique shows a defi¬ 
nite time correlation between 
events in the arctic and the 
antarctic. It has been found 
that P.C.A. events in the 
northern hemisphere are as¬ 
sociated with widespread 
prolonged ionospheric black¬ 
outs iu the southern hem¬ 
isphere , presumably also 
P.C.A. events. On two occasions (September 26, 1957, and July 29, 1958), 
out of thirteen studied, no effects could be identified in tbe antarctic. The 
northern hemisphere records show low degrees of absorption (2 db and 1 db, 



month 


Pig. 4. — Distribution of P.C.A. events by month during the period 1949 to IO.'jO, 

From ref. [6]. 

respectively) lasting for about 30 hours each time. These results show a num¬ 
ber of remarkable features, but only two of which are discussed here: 

1) Absorption is frequently found earher at tbe geographic pole than at 
stations of higher magnetic latitude; and 

2) P.C.A. events are detected during the antarctic summer. 



Pig. 3. — Distribution of P.C.A. events from 1949 
to 1959. Prom ref. [6]. 
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X/efc us now consider the solar e-vents responsible for these fast particles. 
A large cliroinosplierio flare emits a total arnoimt of energy of about 
10“® erg. Table I gi-ves tlie approximate division of this energy. 

Tabi..k I. — JifpnKriniate division oj the e\terqy fromv a large GhroinosjpJieric flare. 


Type 

Energy (erg) 

Optical emission 

1030-f-lO®^ 

TJlti’aviolet light 

not well known 

X rays 

1028 <30 ^ 

liadio emission 

1024.^ loan 

Fast i>at‘ticles 

1027^1 30 

Magnetic storm i)articles 

lOno-^lO®! 


The visible light froin. which the flare takes its name may be so strong that 
it can be seen directly on the s^un’s disc. This « white light » emission is thought 
to be synchrotron radiation from fast electrons. The co'unterpart of this in 
the radio region is synchrotron radiation, continuum emission over a wide 
frequency range, wliicli is found to be strongly correlated with ' the P.O.A. 
events. Since tlie intensity of this «type IV" » continnnm varies rapidly with 
frequency, the best way to observe it is to record, the emission over as wide 
a frequency range as possible. Considering the 31 P.C.A. events between Feh- 
rnary, 1966, and Jnly, 1959, Ktjndtj. and Haddock: [7] have shewn that 
of 28 P.O.A. events which occurred during periods of centimetric observations 
all 28 were associated with centimetric wave outbursts (Table II). This 
table shows that 88 percent of intense broad-hand, centimetric outbursts are 
associated with P.O.A. events. After a type IV event a center of emission, 
low down in the chromosphere can be formed, lasting for several days. It is 
also evident that type IV emission detected at both centimetric and at metric 
wavelengths can occur without P.O.A. events being detected at the earth (*). 

In view of the interest now being taken in shock waves in plasmas, it is 
interesting that type III bursts, which are considered to bo caused by the 
ejection of particles from the sun with velocities of the order of c/10, are 
associated with flares. This correlation increases with the magnitude of the 
flare. If those Gunissioiis are sliock waves, they may be of interest for the 
interinetation of other eosnxic ray phenomena, for example, Forbush decreases. 
Type III j*adio bursts are not correlated with neutron monitor increases, as 
is shown by the present author and by MoLkant (private communication) (**). 


(*) Drkisk (ref. [8]) gives 30 pereent as the x>ropt>*'ti(>n of 3 and S-j-flarxes associaited 
with type IV eiuissien. 

(**) See also Trocsodirigs of the Znternatiatial CJon fereuce on Gosmio Mays and the Marth 
Storm, Kyoto, Japan (September 1901) j /Snppl. Journ. Fhys. Soa. Japan, 17, (1962). 

3 - Mencliconti IS.I.ir. - xr,X. 
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Tfi almost &YQTY one of tlie 45 instances since 195b when tliere lias been a 
P.C.A. eyent, a flare on tlie visible disc of tbe snn can be considered to be tke 
source. Examinations of these flares in tke broadest sense of the term, have 


Table II (*). - Associaiion of radio outbursts with j>olar cap absorption events 

(May, 1959-jTily, 1959). 


Eadio outbursts 

Centimeter- 

ware 

intensity 

N" umber 
of radio 
events 

Polar cap 
absorption 
events 

Perceutagei 
of polar cap 
absorption 
association 


Yes 

No 

Broad-band centimeter-wave out¬ 
bursts indepeudeut of meter-wave 

Intense and 
moderate 

1 34 

12 

2 

SS 

outbursts oceurrenoe 

Intense only 

12 

10 

2 

83 

Type IV meter-wave outbursts in- 
independent of centimeter-wave out¬ 
bursts occurrence 


19 

10 

9 

53 

Type IV meter-wave outbursts as¬ 

Moderate 

7 

0 

7 

0 

sociated with broad-band centimeter- 
wave outbursts 

Intense 

12 

12 

2 

83 


1-i 


(’) From ref. [7]. 


skown very little that can be used to identify wliich ones emit particles. Tlie 
particles are probably accelerated by a Fermi process in the region of liigh 
tnrbnlence close to the site of the optical flare. The region emitting tlie I'adie 
waves can be shoim to move away to a considerable distance (of the order 
of 1 solar radius) with a velocity of the order of lOOO km/s [8], and this in 
consistent with the required lifetime of the particles to provide the c-orrcict 
duration for the radio continuum emissions. Flares which emit particles rear hi Uji? 
the earth appear to occur preferentially on the western side of the sun’s disc, l >u t 
statistics are poor. A preponderance of events due to flares on the western side 
might be expected if the particles are thought of as following lines of force draw'll 
out and bent by solar rotation. However, this view is by no means a<icicpt.i‘<i 
generally, Tor example, the solid angle into which a solar beam is projeetHKl 
is obviously not small, but nevertheless there are very few events (ont?s or tvwo 
at the most), which could be attributed flo flares taking place beyond the wcst(t‘rii 
limh. If there is sometimes a disordered magnetic field region at a mdius 
of several A.U., as was introduced by Simpson and Parker [0] to explain 
the decrease of cosmic ray intensity following the February 23, 1955, (jvent,, 
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it does not seem to be a, good reflector all the time. Flares near the center of 
the sun s dibc are known to be statistically associated, with the largest ma¬ 
gnetic storms. OBiLYASHi and Hakuka [10] give the data shown in Table III. 
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Fig. <>. Til© foxii'spoctrail ty'pes of solar radio bursts. (I) noise-storoi bursts; (II) slow- 
drift bursts; (III) fiist-drift bursts; (lY) contimium bursts. From G. Swahup, P. H. 
Stone and A. Maxivjsix : rhe association of solar raddo bursts 'ivitJi flares and promi¬ 
nences, iu T7ie AstropJipsical Journal, tZi, 725 (1960). 


As in. all statistical studies, clue attention should be paid to the criteria 
of soleotiou ill examining the eoiiclnsions. This seems especially to be true 
of solar flare observations, as may be appreciated by referring to Dodson’s 
survey [1.1] of solar flares during the International G-eoijhysical Year, and 
to tlie pamper of Warwick and Haurwitz, reference [lll>]. 

In view of tlit3 iinportance of solar protons to manned space flights it would 
be very convenient if it w^’ere possible to predict when an event would take 
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place. Of course, for long space flights this would not be of much use, the 
only -fi-na.l method of protection being shielding; but for orbital flights, pre¬ 
diction conld possibly be used to sa^e weight. Anderson [12] has made a 
study of this problem. He finds that the large flares that produce protons 


Table III (*). — Yariationof time interval between flare and arrival of protons and mag¬ 
netic storms as a function of magnetiG 2 ^osition. 


Position on sun’s disc 

East 90° ^30° 

Center 

West 30°-^90° 

Average (Protons) 

18.311 (”) 

7..5 h 

3.6 h 

(Magnetic storm) 

37 

38 

37 

AH 

139 y 

345 y 

106 y 

(•) Prom. ref. [10]. 




(♦•) See also ref. lll&l. 





occur in long-lived and complex sunspot groups. The number of sunspots in 
a group is of no use in prediction, bub there does seem to be a correlation 
between penumbral area in spot groups and the occurrence of flares producing 
solar protons (Tig. 6, 7, 8). This large penumbral area is said to be an unusual 
feature of spot groups, hfo attempt has been made by Anderson or anyone 
else to provide a theoretical basis for this correlation, if it is supposed real. 

Because solar proton events last for several days, the commencement of 
the magnetic storm often occnrs during the time that the particles are still 
coming to the earth. This is a fortunate eircnmstance because time and lati¬ 
tude variations of the intensity allow us to use the protons to study changes 
in the field. 

The classical geomagnetic storm has a sudden commencement (SO) at which 
the field R begins to increase. After a period of about one hour, the field 
undergoes a decrease, Lasting for several hours, after which it slowly returns 
to normal. 

In an extensive survey of this subject BAOHEEEr et al. [13] have found that 
JPorhush decreases are normally associated with magnetic storms of the clas¬ 
sical type, ox ones in which there is no main phase. Magnetic storms with no 
sudden commencement, or in which the SC is merely followed by irregular 
variations, are not associated with Torbush decreases. These magnetic storms 
not associated with Torbush decreases are typical of solar minimum, and may 
be correlated with so called M regions, not with typical activity centers. If 
this is the case, emission of the solar protons from activity centers should be 
associated with normal magnetic storms, and this is found to be generally 
correct. 
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Pig. 0. - The HUH on Fehruar.y 20, 1 9/5(5, from a £)h()togra,ph in Pu,blictaUon oj the Astro- 
'n.omim.l Hoeuty oJ the Fueifie, 68, 27S (1D,5()). Tlie fifciire caption states: «'riLeloiig stream 
of ••• C'Oot'ained five sex:)arato groups as indicated by' tlieir magnetic fields. The 

intense flare (>t>SBrYB<l a.t Toli,yo on February 23 wasnear tbe center of this stream whicli 
Avas til on very close to the west limb. » The large picn nmhrfd areas are Youy xjromirient. 

Fronri ref. [12], 


Tlio liHC ill, 


field during the initial piia«e of the storm is whdelybeld to Tbe due 


toblie compresBioii of the eartli’a field by tui incomiiig front. Obayasio [14, 
bas made a c^aleiilatioii on this subject. ^Toting that tile southward edge of 
the polar blackout iiioyes toward, the equator during the main (negative) phase 


of the storm, he carries through 


a Stormer calculation using a inodified mag- 
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Pig, 7. _ Two days Tbefore the first great July, 1959, solar proton emission, the parent 
spot group appeared at the limb. It contained only three spots when first seen at Athens, 
but the penumbral deA^elopment was already very great. From ref. [12]. 


N 



Fig. 8. - The flare of May 10, 1959, gave rise to an intense flux of solar protons that 
reached the earth. Two days before the flare, the large penumbral areas of the sunspot 
group could be clearly seen, greatly foreshortened, near the east limb. 1 rom ref. [12]. 
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netic potential. Inste£».d of simply adding a constant field 

where JL is a constant and P is the potential, he superimposes the following 
two conditions successively: 

= 0 at the boundary of a cavity of radius JSo ? 

JT = 0 at the boundary of a cavity of radius Po • 

This gives two potentials 


and 


Pi = 


\B‘ i?| j 


sin (p , 



In the first case (Pi), no line of force crosses the boundary of the cavity 
jR, = Bq\ and in the second (Pg), the field is drawn out so that the lines of force 
cross this boundary at right angles. The particles outside the cavity may 
enter if they have sufficient energy, the distortion of the earth’s dipole field 
by the geomagnetic; storm being such as to increase it at the equator during 
the positive phase, and reduce it during the main phase: 


,, 2Jf 
Hi = cos<jr; 


rs ^ 

H, = — --gCOSc/; . 


The radius of the cavity is thus the parameter which, on this theory, fixes 
the field cliange. The first integral of the equations of motion of the proton 
in a field of this potential is used to find Stunner allowed and forbidden regions. 
The results of the calculation of the cut-olf for vertical incidence as a function 
of latitude using Po/P» as a parameter, are shown in Fig. 9 and 10. 

This problem is also discussed by BothwelIj [16]. In her treatment, the 
solar gas cloud enters the earth’s field and approaches to a distance of several 
earth radii where particles are supposed to leave it and travel along the 

lines of force of the earth’s dipole field. The dipole field is supposed to be 
unaffected by the cloud at distances less than B — Since there is no 
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Fig. 9. - Geomagnetic cut-off 

rigidity of particles Pi vs. geo¬ 
magnetic latitude for various Eq. 
From ref. [14]. Geoinaignetic po¬ 
tential 

/ 1 2K\ , 

a _ 2«y 

cos- <Po - i * 



Fig. 10. -- Geomagnetic cut-off 
rigidity of pai'ticJes Pg vs. geo¬ 
magnetic lat itude for various Bq. 
Prom ref. [14]. Geomagnetic po¬ 
tential 



2ocy 
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« compression » in tliis model, the cut-oils are only reduced, and the positiTe 
part of the storm is not explained. Essentially, the function of the cloud is 
to bring particles to certain distances and let them start from a point where 
the potential is higher than at infinity. This idea separates entirely the dynamic 
and magnetic properties of the cloud, and is thus not very realistic. On the 
other, hand, Obayashi’s treatment reproduces aemi-quantitatively the main 
features which are actually observed by introducing an a priori assumption. 

These matters have been discussed before the main topic because the situa¬ 
tion during a solar proton event is very complex. It is essential to bear in 
mind as many aspects of the geophysical situation as possible, the magnetic 
field disturbances in particular being essential clues to the processes occurring. 


3. - Methods of observing solar protons. 

To provide an idea of the relative sensitivities of detectors, some figures 
calculated by WiiBBEia (private communication) are given in Table lY. This 
very illuminating tabulation shows why the protons incident during P.C.A. 
events were discovered by the riorneter. It is the most sensitive sea level 
detector of incident charged particles, and this is especially true when there 


lA'^. Relative seuMtivUden oj deteetors. 


IiiHtrumeut 

Altitude a: 

ud irosition 

AsBiirned 

rninirnum 

luorease X 0. R. 
Oreater than 100 MeV 




<letec-tability 

p-a 

P-« V*) 

Ion chain her 

A - nir, 

S.L. 

I- 2± 

10 000 

50 000 

Neutron rnonif-or 

A -v ( g y, 

B.b. 

■h 2% 

250 

1 000 

Single counter 

A -<55", 

100 g/i'.in** 

1- r>% 

25 

100 

Ion <‘.hn,inl)ei‘ 

A • : (}/>% 

lOO g/cm=* 

- I - 

15 

70 

Eiornetei* 

A <55^’, 

S.b. 

1 db 

12 

12 

Riorneter 

A - 07.ry, 

S.L. 

i db 

2 

0.5 

Riorneter 

ft 70'*, 

S.L. 

1 db 

0.2 

1 

0.02 

Single counter 


10 g/cn»“ 

+ 

0.2 

0.5 

Ion c.lmrnbor 


10 g/c.m“ 

•I 

O.OB 

0.2 

Satellite or rockc^it 


2 g/em^ 

10 % 

0.01 

0.004 


(*) Tho two coluiniiH aro oV>tn;hiDd by iiniug two for tho Inoldoat immoly 

I)owor law rigidity wpeetrti witli oxpoucntB ~ 0 nnd -- H. 


is a steep specdrum. Tims, to get more detailed information about the incident 
particles—and the rioiiKdiCr can, in principle, give a good deal of information 
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about the spectrum and intensity—^high altitude observations are essential. 
The available methods of reaching high altitudes are given in Table V. 


Table V. — Gharaeteristios of methods of observing at high altitudes. 


Method 

Maximum altitude 

(g/cm2) 

Duration 

Power 

Aircraft 

~ 50 g 

-- lOh 

large 

Rubber balloons 

~ 10 g 

up and down 

small 

Plastic balloons 

~ 4 g 

— 10 b 

small 

Rockets 

zero 

— 2 min 

small 

Satellites 

zero 

long 

small 

Space probes 

zero 

long 

small 


Aircraft were useful when a large power source was often required for com¬ 
plicated experiments, but the use of the transistor and miniature components 
has elindnated the need for them. Buhber ballons are superseded because 
they do not float at high altitude, and in fact most of the work being done in 
this field uses two methods; constant volume plastic balloons and rockets. 

It may seem surprising that the rocket, with its inherent limitation of 
short flight, is of any use compared with the satellite. However, the available 









'■NJ' 






'■s. 
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Fig. 11. — Geometry of radiation belts and region to which solar flare particles poneti*at6. 
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satellites are often in orbits which are not inclined at a large angle to the 
equator. They do not process in inclination, so the situation is that unless 
a satellite orbit is inclined at a large angle to the equator, or of great eccentri¬ 
city such as Explorer XII, it cannot sample the volume of space through 
which particles approach the polar regions (Fig. 11). 


4. - Detectors. 

What should be borne in mind in designing an experiment to detect solar 
protons? Figtire 12 shows the penetration depth of protons in the earth’s 
atmosphere, the corresponding dipole cut-off latitude, and dJEJ/dr. For a rocket 
experiment, the minimum energy which is to be considered is set by the de¬ 
tector; but for a balloon, the atmospheric cut-off* will normally prevent meas- 


geomagnet/c latitude energy cut off degrees 



Fig. 12. Energy Iobh and rigidity as a funotiou of energy. I>ex)thH of penetration into 
the atmosphere and magnetics co-ordinates are shown. 

urenients below about 100 MeV. Even an isotropic angular distribution of 
protons in the upper heinisidiere above the atmosphere rapidly becomes peaked 
at lower altitudes. Thus, at lOg/cm®, say, most of the protons to be detected 
w^ill have an ionization of several times minimum and will be travelling ver¬ 
tically. This means that the <‘,ombination of calibrated ion chambers and a 
Geiger counter or counter telesc'ope can differentiate between protons and 
other particles where dlUlLlx is greater than minimum. This arrangement has 
been extensively used by Winckleh [16], and by Anderson [17]. See Table YI 
and Fig. 13. 

For example, during the period August 22 to August 25, 1958, balloon 
flights were carried out at Churchill, Canada, Fairbanks, Alaska, and Min- 
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Fig. 13. - Greiger counter and ionization chamber used with balloons by Winkler. 

From ref. [16]. 


neapolis. The spectrum can be obtained from the plot of the absorption curve 
of the radiation during the balloon ascent. Andekson et at. [17J assume: 

1) There are only protons present. 

2) They are isotropic in the upper hemisphere. 

3) They are absorbed by ionization loss alone. 

4) There is no scattering. 

By introducing a differential energy spectrum of the form (A'/iiJ”) d/i\ and 
a range-energy relation Biange = jE/“, the absorption curve can be cuihnilated 
as a function of the exponent of the spectrum, and a lit obtained. The result 
in the particular case was 5, a typical value, and this applied from 250 MeV 
corresponding to the depth at which the counting rsite stai'ted to ris(‘, to about 
100 MeV, the air cut-off at high altitude. The agreement of tlu^ (uilcnlated 
absorption curve with experiment did not hy itself ('.onfirrn tlie nature of the 
radiation as protons, but electrons could not have prodiujed the high value 
of duE7/d£c which is inferred from the ratio of the rate of disediargc of the ion 
chamber to the rate of the single counter, about three times that given by 



SOLAK PROTONS 


45 


normal cosmic rays. Tliis is confirmed by the high degree of directional cor¬ 
relation observed by means of the counter telescope. 


TABm VI. — Oritk-al dMa on the monitoring detector unit. 


Detector 

Geometry 

and 

dimension 

Solid angle factor 

Wall 

thickness 

and 

material 

Absorption 
to the 
vertical 

Notes 

Ion 

Cliamber 

n 

sphere: 

17.75 cm dia. 

0 inn i -directional 
proiected area 

250 crn2 

Alu¬ 
minum 
0.089 cm 

0.4 g/om 

Electrometer 
charge per normal¬ 
ized pulse 

0.67-10-1“ coulomb 

Copper 

counter 

cylinder: 

2.36 orn dia. 
1.96 cm effec¬ 
tive length 

0 mni-directional 
projected area 

5.8 cm2 

Copper 
0.089 cm 

1.5 g/cm 

Recovery time 

150 ps 

Cosmic ray efficien¬ 
cy >94% 

Allu- 

minum 

counter 

cylinder: 

2.30 cm dial 
1.96 cm effec¬ 
tive length 

0 inn i - directional 
projected area 

5.8 cm® 

Ain- 
minum 
0.051 cm 

1 Ig/om 

Recovery time 

150 {AS 

Cosmic ray efficien¬ 
cy > 94% 

Tele¬ 

scope 

i 

1 

Solid angle factors 
2n omni-directio¬ 
nal int-ensity 
(6.3:f:0..5) cm® sr 

2 cos 0 intensity 
(3.(M 0.4) cm®sr 


1 

l.5g/cra 

Resolving time of 
coin eiden oe oi rcu it 

' 3 [AS 

(•) Fro 
(•*) ton 

in rof. tun. 
pairH/om’ h at ^ 

rTP air 12*3 *10^ Ion paiBOH/n* 



Altlioligh this method sliows that the observations are consistent with a 
beam of 100 % protons, it cannot rule out the presence of mixture of high 
energy ekudyrons ad x particles, particularly since adding electrons reduces 
dJE7/d.r‘ and adding a-partic*lcs increases it. It would be possible to account 
for the observations entirely by a mixture of high energy electrons a.nd a-par- 
ticles hut this can he shown to he unlikely in a simple way. The transit times 
would be so different that tlie ratio observed between the detector rated would 
vary during the beginning of an event, which is not observed. 

A good confirmation of the nature of the x>5i'rtieies is provided by simul¬ 
taneous observations at different points. As an example of this technique 
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consider the same event, as shown in Fig. 14. The flights at Churchill, Min¬ 
neapolis, and Fairbanks focus attention on the following points. 

1) The long period of observation at constant altitude provided by a 
successful flight. 

2) The absence of an increase at Minneapolis. 

3) The Forbush decrease observed at high altitude. 



Fig. 14. - Balloon observations and correlated data during the <*.osini<’.-riii.y tn'ent of 
August 22, 1958. Top line, observations at thumdiill; next lower, ohservatioiirt at 
Fairbanks; center, observations at Minneapolis; next, lower, balloon presHurc^ curve;- 
and bottom. Deep River sea-level neutron monitor. From ref. [15], 


The absence of the increase at Minneapolis shows that fclu‘rc were no protons 
incident there with enough energy to overcome tlie eut-olT. In jiddition, 
this also puts an upper limit to the abundance of radiations not subject to a, 
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cut-off, namely neutrons and photons. For this particular event these limits 
were 12 % with energy greater than 40 MeV and 10 % with energy greater 
than 500 keV, respectively. Again the event seems to be typical, because 
subsequent measurements have confirmed that the composition of the beam 
is always principally protons. 

Observations at high altitude and medium latitudes—^for example, those 
at Minneapolis—have a great additional bonus. If particles do appear there, 
and are identified as protons, then this becomes evidence of a cut-off change, 
Fig. 15 and 16. In the events of August 22, 1958, there was no geomagnetic 



July 1959 


Fig. 15. --- lJx>p©v: lligh-altitilde total ionization (solid curve) and counter rate (dotted 
curve) during the three July ©vents. Note logarithmic scale. Center: Note general 
correlation betweou influx of radiation and jilanetary K indices. Lower: Sea-level 
neutron inten.sity showing the three lai'ge Forbush decreases strongly correlated with 
the magnetic activity. On July 17, the flare coamic rays produced a sea-level effect 
before the geomagneti<* disturbance that is attributed to the onei'gy spectrum extending 
ax>p reel ably into the high-energy rang© of at least 1 GeV. From ref. [16]. 


storm. This is entirely consistent with the idea that the ciit-offs are lowered 
during the main pliase of a geomagnetic storm. When this occnirs, auroral 
X-rays may be observed at ballon altitude. If the balloon is witliiii a. few 
hundred kilometers of a riometer, simultaneous characteristic auroral absorption 
can often l^e identified on the riometer record. The energy of the X-rays is 
in the range of 50 to 100 keV. The electrons required to xxroduce the X-rays 
are either c*onta,ined in the jdasma cloud which is tliouglit to distort the field 
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by compression, or they are locally accelerated, or they are dumped from the 
Van Allen belt. All three possibilities are reasonable, and any or all may occur. 



Pig. 16. - High-altitude ionization rate, above, and equatorial horizontal Held of the 
earth below, during the second geomagnetic storm of the July series. Note that the 
major increase at Minneapolis occurred when the stoim held entered the main phase, 
in this case only about | hour after the sudden commencement. From ref. [16]. 

A theoretical treatment of the generation of X-rays by eletitrons ctoming 
into the earth’s atmosphere has recently been given by Oladis and DRRRSLm[ 18 'l. 
The subject of auroral X-rays is an interesting one but it is not considered 
here [19]. 

If recovery can be arranged, nuclear emulsions are a good help iu the 
experimental study of solar protons. Although they give no iiidi(».ation of 
time variations, they allow the identification of small numbers of a’s and heavy 
nuclei in the flux in a way which is very hard to acliieve l)y any other method. 
This approach has been exploited by Preier [20] and Pitfuel [21]. Freikr 
has used emulsions to study the composition of the. incident particles in the 
manner indicated above, and also to measure the eut-orf at Minneapolis as 
a function of time during the magnetic storm, using emulsion exposed during 
several flights into the same event. 

On March 23, 1958, at 0950 U.T., a class 3 solar flare wa.s observed with 
a duration of 248 minutes. A type lY radio nois(?i storm was observed 109 
to 9400 MHz and this storm was extremely large at low frtMiuemdes. Tliere was 
a sudden commencement and a Porbush decrease starting late on tlie 25th, 
and about this time a P.O.A. event with 10 db of absorption started at Fort 
Yukon, Canada. Balloon flights were made into this event 1‘i'oni Minnc'apolis 
on March 21, March 26, and April 8, each carrying a single', covinter, an ion 
chamber, and nuclear emulsions. The ion chamber gave a very elear record 
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of the Forbusli decrease at high altitude, agreeing well with the Deep ^River, 
Canada, neutron monitor. The increase of ionization which indicates tiie ar¬ 
rival of the low energy protons was observed directly. The emulsions showed 
that a large increase in the proton intensity was not accompanied by a cor¬ 
responding increase in the intensity of a-particles fit rigidities greater than 
1.3 GV (approximately 200 MeV/nucleon). This puts the proportion a/p above 
a given rigidity at less than the a/p ratio which is characteristic of galactic 
cosmic radiation (1/18 in this event). Fkbier, Biswas and Stein [20] have 
measured the a/p ratio in the rigidity region 0.9 to 1.3 GV, on September 3, 
1960, and find that it is 1/(31 ±8), characteristic of the sun rather than ga¬ 
lactic cosmic rays. The final answer to the question of the composition of the 
beam is not known, but it can be said that the proportion of a-particles is 
appreciable and probably variable; then spectrum must, however, wait until 
the analysis of the Kovember 12, 1960, event is complete. 

Fiohtel has studied the proportion of heavy nuclei in the September 3, 
1960, solar beam, using the NASA rocket 1019, which was flown at 1408 IJ.T. 
(13 hours after the flare). By comparison with nuclear emulsions flown during 
a test shot at a « quiet » time, he finds that the medium-to-proton ratio above 
a given rigidity is consistent with the solar constitution as estimated by Goi^d- 
BBBG [22] and differing from the galactic cosmic ray value by several standard 
deviations. Statistics were too poor to permit deduction of a spe<jtrurn 
(Tables VII and VIII). 

Table VII. — Ratio of nuclei with 6<^/<8 to those with Z~\ in solar beams. 


Charge 

Katio 

Sei>t.ernber 3, 1960, SBE | 

( 0.8d:0.3)-10“» 

November 12, 1960, SBE 

( 1.9dz0.6)-10-3 

Sun 

( i.r)±o.r>)* i0'3 

Universe 

( 1.61-0.8)-10-3 

Cosmic rays 

(10 ±2 )-10-« 


Table VIII. --- Relative ahundanees of nuclei in solar beams. 


Charge 

3 to 5 

6 

7 

8 

10 

Z7> 10 

September 3, 1960, SBE 

0 

10 

4: 

11 

5 

i 

2 

November 12, 1960, SBE 

0 

13 

(> 

23 

3 

1 

Sun 

10-3 

10 

2 

18 

1 

2 

Cosmic rays 

6 

10 


6 

2 

r> 


The Minnesota group has used emulsions to supply additional evidence of 
the cut-off changes. They estimate in this way that the normal cut-off at 


4 - RendiconU S.I.ir. - XIX. 
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Minneapolis is about 280 MeV, and sbow bow this is altered by a magnetic 
storm (Pig. 16 and 16). 

Apart from the authors already mentioned, B. R. Brown has made many 
flights from College, Alaska, which give results in general agreement with those 
discussed here. Also, the Russians [23] have made a number of balloon flights 
at various latitudes. 


5. — Rocket observations during September and November, 1960. 

We shall now turn to the rocket observations of solar protons carried out 
at Churchill by Davis et al. [24-26]. These rockets were ITike-Cajun two-stage 
types and reach a peak altitude of 130 km, spending about 200 s above 90 km. 
In an attempt to cover as wide an energy and intensity range as possible, a 
rather complicated system was used. Two scintillation counters and a Geiger 
counter were carried by the rocket, each telemetering information through a 
ratemeter. The ratemeter output was arranged to show pulses on the record 
when the rate was low, and give a voltage output for high rates. In this way, 
counting rates ranging from a few per second up to 20 000 per second were 
successfully recorded. Four events were encountered during a continuous 
watch lasting from June 6, 1960, to the end of the November 12, 1960 event. 
Arrangements were made with the personnel of the McM.ath-IIulbert Obser¬ 
vatory, the Sacramento Peak Observatory, the Lockheed Observatory, and 
the XJniversity of Hawaii for them to telephone ('hurchill when a suitable 



Fig. 17. - Polar cap absorption event of September 3, 1960. 
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flare was seen. The riometer stations at College, Kiruna, and Churchill were 
also available by telephone. The rocket instruments were kept in readineSvS 
and the rocket was on the launcher at all times. The first event which was 
detected was on September 3, 1960. The delay between the flare and the start 
of absorption occurring at 0040 U.T. was about 10 hours, very much, longer 
than usual. The riometer record shown in Fig. 17 and Fig. 1 gives these results 
to a larger scale, showing the times of the rocket ftrings, and the diurnal effect. 
The diagnosing of the rather small absorption during the early part of Sep¬ 
tember 3 was helped by the presence in Churchill of a team from T>r. Winckler’s 
group who were launching balloons. They had a balloon up, and their tele¬ 
scope rate was sufficiently high (25 times normal) to decide the issue. In 
Table IX, taken from [17], the solar-terrestrial events dui'ing the period of 
interest are shown. 


TABI.K IX {*). — fSolar, terreatrial time table. 


Time (U.T.) date 

.Event 

Comment on tentative identification. 

0700, Sept. 2 

OlasH 3 flare 

Solar coordinates 19” N, 2r)° W; 

Source of magnetic clotid, SC ami Forbnsh 1 
detsreaae 

2230, Sept. 2 

Class 3 flare 

Solar fJoordinateB 21° N, 31° W; 

Source of apparent non-magnetic cloud but 
strong magnetic storm 

0040, Sept. ,3 

(flasH 3 flare 

Solai’ coonlinates 17“ N, 90" E; 

S<>ui'<;e of cosmic I’ays 

0110, Sept. 3 

(’lass 3 flare 

Cosmic ray flare maximum. X-ray burst (local) ; 

0230, Sept. 4 

SC 

Begin rnagnel.ic storm from 0700 flare Sept- 2 ; 

0230, Sept. 4 

1\)rl) ush (1 e(vrea,so 

Indicates magnetic <'iha,ra(*.tei' of solar cloud 

1830, Sept. 4 

SC 

Begin magnetic storm from 2230 flare Sept. 2 
No Forbnsh effect 

<*) From rof. | 

[27.1. 1 


It is assumed that the third flare is the one of interest. During the early 
part of the i)re v ions night at Churchill, there was an extensive and impressive 
auroral display, presumably from an earlier flare. Figure 18 shows that the 
radiation did not reach its maximum intensity until about nine hours after 
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the flare. The dotted curve 7a represents the spectrum deduced from the 
emulsions on flight 1019, and curve 8 represents the results from the G-eiger 
counters on flight 1020. The Geiger counter results from flight 1019 agree 
well with the emulsions but are not shown here to avoid confusion. We note 
that the spectrum of protons curved away from a power law at low energies, 



Pig. 18. - Balloon and Eoctet observations during September 3, 1960 solar proton 
event, ChurchUl. 1) 0400 U.T.; 2) 0600 U.T.; 3) 0800 U.T.; 4) 0900 U.T.; 5) 1000 U.T.; 
6) 1200 TJ.T.; 7a) 1410 U.T. Kocket 1019; 7b) 1410 U.T.; 8) 1730 U.T. Kooket 1020; 

9) 2400 U.T. 


but that in the region of 100 MeV agreement between ballon and rocket ob¬ 
servations is good. Also, the intensity was the same at the time of both firings, 
and it was probably essentially constant for most of the time between. The 
spectrum steepens with time during both the increase and the decrease of the 
intensity. The energy spectrum observed is a result of dispersion operating 
on the original spectrum, which must be assumed to be injected by the sun 
during a period of time of the order of one hour, the duration of the radio event. 
WinckXer [27] has suggested diffusion with an energy-dependent mean free 
path, to account for this, consistent with the prompt arrival of particles on 
February 23, 1956, for example. In passing, it is interesting to note that very 
low energy particles were seen over Minneapolis, the instrumental limit being 
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air absorption, on September 4 after the main phase of the geomagnetic storm 
began (*). 

From the September 3 event, the conclusion is that particles with energies 
down to 13 MeV were detected, that they were protons, and that their distri¬ 
bution in angle above the atmosphere was closely isotropic. It should be 
pointed out here that D’ak-GY [28] has drawn attention to a possible error of 
interpretation of balloon flight results. The X-rays produced by nuclear re¬ 
actions in the atmosphere may lead to a larger counting rate than is charac¬ 
teristic of the primary protons. This error could occur in the Geiger counter 
results given here due to reactions in the (Al) walls of the rocket. However, 
the agreement between the emulsion and Geiger counter points shows that 
this effect is small. 



The solar proton event of November, 1960, was one of the largest yet ob¬ 
served—^perhaps it will be the largest in this solar cycle—and XASA was for¬ 
tunate enough to fire seven rockets at various times during the period of 
high proton intensity. Analysis of the results from the first three of these, 
two fired on November 12 and one on November 13, is fairly complete, and 
the results will be discussed here. For this event we have scintillation counter 


(*) Because of a malfunction, the resultB obtained from the scintillators on Sep¬ 
tember 3 are not presented here. 
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TGCord-S tliati ar© solf-consistBiit and. sh-ow tli© presenc© of particles with ener¬ 
gies down to 2 MeV. After further analysis we shall have information at much 
lower energies. Figure 19 shows the times of these first three shots, super¬ 
imposed upon the neutron monitor record from the Chicago station (Simpson, 
private communication). The timing of the first two shots was, to say the 
least, lucky. 

It is necessary, now to discuss the method of analysis of the Scintillator 
results, so that their significance can be appreciated. The two scintillation 
counters carried by the rockets were fitted with a 0.24 g/cm^ Osl crystal in 
one case, and ZiiS powder phosphor in the other. The ZnS results have not 
yet been reduced but they will eventually give information down to 200 keV. 
The Csl scintillation counter incorporates a rotating switch which continually 
changes the load of the photomultiplier. The energy loss vs. energy curve for 
the crystal is shown in Fig. 20. Each load resistor corresponds to a different 



0.1 1.0 10 100 1000 

energy MeV 

Fig. 20. — Energy sensitivity intervals for (1st scintillat iou connter. 


horizontal line on this diagram- the equivalent energy loss licing exc-csdcd by 
protons in a certain energy range. In particular step 1 , the upiiermost st(4p, 
would not count at all if it were not for the fact that some protons enter the 
crystal at oblique angles, outside the proscribed solid angle, and lose morci 
than the 8 MeY characteristic of perpendicular penetration. We have used 
in this analysis, the ratios between the step rates -f, |, 5 . We start by cal¬ 
culating these ratios assuming protons incident isotropically upon the detector 
and rocket, and having a power law spectrum N{'> E) This calcu¬ 

lation was made for a series of values of n, and the results for the first rocket, 
HASA 1024 rocket, are shown in Fig. 21 . The observed ratios are seen super¬ 
imposed, indicating a best fit for a value of n =1.6 dr 0.1. The intensity of 
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protons having energies above 2 MeV can be obtained from the rate on the 
« widest » step, (step 5) once a slope for the best power law approximation has 
been determined. 



Fig. 21. - Ratio calcvilation results for 
NASA rocket 1024, -a 



Fig. 22. ~ Spectrum of protons oMained by NASA 
rocket 1024. a —1.7±:0.2. O emulsion points. 


Thus, in each (‘a,HCi tlie results from tlio ('Sl seiiitillation counter determine 
the intensity above 3 MeV and the slope of the best straight line approximation 
to the spectrum between there and about lOO MeV (Fig. 33). We do not 
believe firmly in tlie e.xistenee of a simple jjower law specd.iTim in this region, 
but this appro.ximation can 


ho used until more delinite 
evidence is available. Tn pai*- 
ticular, tlie emulsion results 
presented by FiTcurEL [29] 
indieate apprt^eialile flat¬ 
tening of the spectrum in 
the region l)etw(MMi lOO and 
15 MeV. Tills should not he 
thought to be contradictory 
to the results presented here. 

Fig. 23. - Spectrum of protons 
obtained by NASA rocket 1015, 
1.5 ±0.2. 
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If a spectrura deduced by some other means becomes available, it will not 
be difficult to test the degree to which it is eompatihle with these results. 

As examples of this procedure Fig. 22, 23 and 24 show the actual results 

of rockets 1024, 1()15, and 1016. 
File inset shows the timing of these 
shots compared with the neutron 
moaitoT increase observed at Beep 
River. Evidence that the protons 
arrive isotropically in the upper 
kemisphere at the top of the atmos- 
phei'e is provided by the angular 
distributions shown in Eig. 26 and 26. 

If the ratio f is closely equal 
to the ratio this indicates both 
a steep spectrum, and an absence of 
low energy particles. This situation 
occurs with Eocket 1016 (Fig. 27), 
and this is dealt with by cutting off 
the spectrum at a low energy and 
making a two-parameter fit. It was 
Fig. 24. - Spectnim of protons obtained the hest results are 

obtained by assuming no particles 
with energies below (5^:1) MeY. 
Thus, to the degree of accuracy of our experiment, the proton spectrum can he 
represented hy a power law, with or without a cut-off above 2 MeY, and an 
intensity value either at 2 MeV or at the cut-of energy, deduced from the 
rate of step 6. Since the analysis of this event is as yet very incomplete, no 
interpretation will be presented here. However, some remarks can be made. 
First of all, the neutron 
monitor increase represents 
the way in which the inten¬ 
sity of particles at energies 
ahont 1 GeY behaved in 
time. There is a fairly 
rapid increase, a « step», 
and a further increase fol¬ 
lowed hy a slower decay. 

This « step » feature will he 
discussed later. The intensity 
of protons at low energies 
(3 MeV) had the values 
shown in Table X. This table 



Fig. 25. — GS-eiger counter Zenith angle dependence. 
X calculated assuming isotropy. NASA rocket 1020. 
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illustrates the steepening of the spectrum, since the neutron monitor increase 
had entirely disappeared by the time of rochet 1016. 



zeni/h angle 

Fig. 26. — Angular distribution of protons with energies above 2 MeV, from the Csl 

scintillation counter in NASA rocket 1024. 


Table X. - Intensity of protons with energies greater than 2 MeV 
during the November, 1960, event. 


Time (U.T.), date 

Rocket number 

/ particlesX 

Intensity abo ve 2 MeV (-— -) 

\ cm“ 8 sr / 

1648, Nov. 12 

1024 

30 500 

2330, Nov. 12 

1015 

62 000 

1600, Nov. 13 

1016 

63 500 


The abseru'^e of particles 
with energies below (5 1) MeV 

found by rocket 1016 is a very 
interesting result, and may be 
connected with the fact that the 
rocket was fired immediately 
after the large negative ex¬ 
cursion of the magnetic field 
observed at . Fredericksburg, 
Virginia (see Fig. 28). 

The Nowember event can 
be interpreted within the frame¬ 
work of the ideas of Gold [29]. 
In his view a disturbance on 



Fig. 27. - Ratio calculations results for^NASA 
rocket 1016. 6 MeV cut-off, •»—1.7±0.1. 
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the sun, not necessarily one resulting in the acceleration of particles, may 
drag out the lines of force of the sun’s field, forming a tongue, or « bottle ». 
If the acceleration process occurs at the point of origin of this elongated field, 
narticles can he trapued within it for some time, and if the earth enters the 

region, a solar proton 
event is observed. If ac¬ 
celeration occurs at some 
other point, then any 
particles which can enter 
the region may be trap¬ 
ped by it, but first they 
must travel in the local 
field region of the sun to 
the base of the bottle. 

On this view there 
was a bottle, caused by 
an earlier flare, on the 
way toward the earth on 
November 2. When particle acceleration took place, the initial increase in 
particle intensity observed represents leakage from the bottle, since the earth 
was not then inside it. The «step» represents the entry of the earth; 
and a corresponding increase in intensity took place. Tlie Forbush decrease 
occurring at the time of the step, confirms the correctness of this general 
picture, since it is supposed to occur when the earth is sliielded from galactic 
radiation by the magnetic walls of the bottle. As MoOiiacken [30] and 
others have shown, these ideas are capable of introdiK'ing a (‘onsiderable 
simplification into the classification of cosmic ray increases. « Shaip rist«‘s », 
like the May 4, 1960, event where the intensity increases in a very short time 
and where there are marked impact zones and anisotroj^y, represent cases 
where the earth is already inside the bottle at tlie time of the iiu'rease. « Slow 
risers », which show isotropic intensity and absence of impact zone effects, 
correspond to situations in which the protons must diffuse out of tlie walls 
of the bottle before reaching the earth. 

It can he demonstrated that the impact zones which occur in the first situa¬ 
tion correspond to a source direction about 50 to 60 degrees west of tluit of 
the sun, which is thought to be due the dragging of the field by solar rotation. 
The principal objection which can be raised to these ideas is that of Parkee, 
who finds it difficult to supply the energy necessary to project the field, which 
must travel in ^bhe form of a shock wave. 


..L, 


JL JL 


^ !£! 


<D 



Fig. 28.-Magnetic observations during November, 1960, 
at Fredericksburg, Yirginia. 
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Propagation of Solar Particles 
and the Interstellar Magnetic Field. 

0. S. Warwick 

IN'aHoml Bureau of Standards, Central Badio Propagation Lahorcdory - Boulder, Colo. 


A study of solar activity associated with polar cap absorption. (POA) events 
has revealed some characteristics that hear on the propagation of these par¬ 
ticles in an interplanetary field. These characteristics are tabulated below, 
along with corresponding properties of solar particles in higher and lower 
energy ranges. 


Ground-level increases 

109 to lO^eV 

PCA 

10’ to 108 eY 

Geomagnetic storm 
10* eV 

Not associated witih flares on the far- 
side of the sun 

No far-side flares 

No far-side flares 

Significant western excess of associa¬ 
ted flares 

Slight western excess 

No asymmetry 

Stopped at maximum solar activity 

Delayed, hut not 

No efi’ect 


stopped at maximum 



Solar particle emission in each energy range is strongly associated with 
activity on the visible hemisphere of the sun, showing that in general no effi¬ 
cient mechanism operates to bring particles to the earth from the far side of 
the sun, that is, there is no reflecting magnetic shell and no strongly curved 
spiralled lines of force in the solar equatorial plane. There is a significant 
excess of western flares associated with high-energy solar particles; this effect 
is lacking, or at least much less pronounced for the particles of lower energy. 
The frequency of occurrence of PCA events relative to solar activity such as 
large flares and radio bursts remains constant throughout the solar cycle. 
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while the relative frequency of occurrence of ground-level events is low near 
the maximum solar activity. In the latter type of event, the particles may 
be emitted from the sun at solar maximum, but prevented from reaching the 
earth. The medium energy particles that cause POA apparently are nearly 
always able to reach the earth, but the delay time between the solar flare and 
onset of absorption at the earth may be several hours near solar maximum 
while away from maximum, delay times of several minutes, appropriate to 
the particle energy, are sometimes observed. The lower energy particles asso¬ 
ciated with geomagnetic disturbance do not show any effect of this kind. The 
information in the table may be summarized by saying that solar particles 
show many evidences of the effects of magnetic fields between the earth and 
the sun, and that the higher the energy of the individual particles, the larger 
is the effect. 

If these particles reached the earth as individual particles, whether along 
relatively simple trajectories in the magnetic field, or by a diii’usion-like pro¬ 
cess, or by guidance along a line of force connecting earth and sun, the mag¬ 
nitude of the gyro-radius of the particle would indicate how easily the par¬ 
ticle moves in the field. We should expect that the higher the energy of the 
particle, the more frequently and promptly these particles would reach the 
earth. The fact that we observe rather that the low-energy particles reach 
the earth most easily suggests that in the two lower energy ranges tlie par¬ 
ticles are acting, not as single particles, but as a group. Then the relevant 
measure is the energy density of the group of particles. Because the energy 
spectrum of these solar emissions is steep, that is, the number of particles 
having a given energy increases rapidly as individual particle energy decreases, 
the energy density is highest for the low energy particdes. If we acciept the 
idea that in POA events the particles are able to move through the inter¬ 
planetary magnetic field by virtue of the fact that their energy density is greater 
than that of the field, we can estimate the range of values of magnetic field 
strength that would be effective in delaying these particles. One finds that 
a field of 10~® to 10“^ G- would balance the energy density of the solar par¬ 
ticles in PCA events. 

Snch a field would prevent the passage from sun to eartli of the high energy 
solar particles associated with ground-level events. Let us assume that at 
times near minimum solar activity, the interplanetary magnetit; field is iden¬ 
tical with a uniform galactic arm field directed towards Gygnus and so at an 
angle of about 60° to the solar equatorial plane. If solar particles of energy 
10® eY are to reach the earth in one half a revolution, the strength of this 
field must be no larger than 10"® G. If such a field were directed northward, 
particles emitted radially from the sun would reach the earth more easily from 
the west limb of the sun than from the east limb. 

When low-energy particles of the sort associated with geomagnetic distur- 
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bance are emitted by the sun, they will push this field ahead of them and 
form a region of higher intensity. Such regions might have field strength of 
10 “® to 10“* G, and be numerous enough in the region from A.U. to 10 A.XJ. 
from the sun that particles traveling from sun to earth would he almost cer¬ 
tain to encounter at least one- such region near solar maximum. These regions 
would tend to deflect the high energy particles away from the ecliptic plane, 
so that they would fail to reach the earth. The lower energy particles asso¬ 
ciated with POA might, because of broader energy spectrum and higher den¬ 
sity, overcome the field after some delay. 

Regions of enhanced magnetic field moving outwards from the sun provide 
a possible explanation of the main features of solar modulation of galactic 
cosmic rays. When a cosmic-ray particle encounters such a moving cloud, 
the effect of the encounter is to add to the particle velocity the velocity of the 
cloud. Although the cloud velocity is only about 1 % of the particle velocity, 
the fact that it is systematically outward makes even this very small velo¬ 
city effective in lowering the density of cosmic-ray particles in the vicinity 
of the sun. If the particle velocity distribution is originally isotropic, colli¬ 
sions with the moving clouds tend to make the velocity distribution isotropic 
in a reference system in which the clouds are at rest, or, in the original refe¬ 
rence frame, to introducii an outward streaming. 

We may investigate the effect of this added velocity on the cosmic-ray flux 
observed at the earth. The equation of continuity in cylindrical co-ordinates 
for the case when the only component of velocity is radial is: 


' aF ~~ 


1 a 

r dr 


[rN V-] . 


We expect that the solar clouds attain distances of about 10 A.U. or less, so 
that beyond this distance, the systematic, velocity V falls to zero. If we simply 
consider the decrement in the quantity [rAF] between 1 A.U. and 10 A.U.,. 
we find 

dN _ A[f.FF] __ I A.U. xNxV 
ai■ tat .~ 575 A.if.“>FirA:u:' 

or 

__ 1 aA __ NV 

'Ji" " Ao x FCS X ^ * 


Taking a value for the solar-cycle variation in cosmio-ray flux of 


1 00 _ 1 dN 

0 TF "W 



.40 


60 % in 4 years = 0.476 x l0“» s~^, and 
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we find tliat F=.9'10’ems-^ TMs seems to be a reasonable value, since 
the upper limit for tbe systematic velocity will be the cloud velocity of 

~10'cms“h 

The systematic velocity itself gives a diurnal variation in cosmic-ray dux. 
Coming from the direction of the sun, the observed flux is JV(Fs-l-7), where 
F, is the original velocity of the particle, and F is the systematic velocity. 
On the night side one sees J(T;-F); so that the amplitude of the varia¬ 
tions is 

^ = [Jf (F„ + F) - J(F, - V)]IN y, = Y/ 

If Fj,=2 • 10“ cm/s and 7=10’ cm/s, = 10-®. 

The region of enhanced field may act as a barrier for cosmic-ray particles, 
causing locally a lorhush decrease in a way similar to that suggested by lOB- 
nisoN. Comparison of variations of the geomagnetic field with measures of 
the interplanetary magnetic field made from Pioneer Y suggests that the thick¬ 
ness of the cloud front is about lO^^ cm. This thickness is consistent with 
the relative inefficiency of the shielding, the rapidity of the Forbush decrease, 
and the association of the decrease with geomagnetic disturbance with sudden 
commencement. For particles with high enough energy that their gyro-radius 
is large compared to the dimensions of the cloud, the efect of the encounter 
on the particle motion wfil he small. The high-energy particles will he affected 
less than the low-energy particles, so that all of the solar modulation effects 
would be energy-dependent. Thns, the systematic velocity introduced into the 
cosmic-ray velocity distribution by encounters with outward-moving solar 
clouds provides directly an explanation of the diurnal variation of cosmic-ray 
flux, the shielding effect of the cloud may explain the Forhush decrease, while 
the systematic outward velocity results in a decrease in density that accounts 
for the 11-year modulation. 



Solar Corpuscular Radiation and the Nature 
of the Earth’s Immediate Interplanetary Environment. 

E. E. Harrison 

Atomie Energy Beseareh Establishment > Harwell, Berkshire 


1. - Introduction. 

Our knowledge of the Barth’s immediate interplanetary environment is in 
an early stage of development. As yet we do not understand the essential 
physical processes, correlated with solar activity, that govern the pheno¬ 
mena in the neighbourhood of the Barth within distances of 20 Earth radii 
or more. The intricate nature of the subject stems from the Earth’s posses¬ 
sion of a magnetic held and from our knowledge that the Sun is a copious 
emitter of energetic streams of charged particles. The interactions of the solar 
corpuscular streams impacting against, flowing round, and penetrating into 
tlie geomagnetic held are exceedingly complex. Their elucidation is one of 
the main challenges to the physics of ionized gases. 

In our discussion we shall briefly touch on only a few of the problems con¬ 
cerning the environment of the Barth. In Section 2 some of the evidence is 
given for believing that the Sun is an occasional emitter oT streams of charged 
particles. This is followed in Section 3 with a review of the evidence for and 
against the solar wind theory. The evidence as it stands is not adverse to 
the theory, provided one assigns to it a density of less than 100 protons cm“®. 

In Section 4, and the subsequent Sections it is assumed that the solar wind 
has a density of 50 protons cm-», and the consequences of this assumption 
are examined. Neither the solar wind nor the occasionally more intense cor¬ 
puscular streams have any profound effect upon the inner regions of the geo¬ 
magnetic field which extend symmetrically about the Earth to a distance of 
normally about 6 Barth radii. This inner region co-rotates with the Earth. 
The distant geomagnetic field, consisting of the flnx-lines which intersect the 
Earth’s surface at all latitudes above the auroral zones, is distributed in a 
completely asymmetric manner about the Earth. The distant magnetic field 
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is parted and dragged round to the night side of the Earth to form a « mag¬ 
netic arch ». The region about the Earth containing the geomagnetic field, 
referred to as the magnetosphere, has the shape of an elongated tear-drop 
•with its tail at a distance of 20 or more Earth radii. 

In Section 5, the origin of auroral streams is discussed, and emphasis is 
placed on the discovery by radio studies that the aurorae are a night-side phe¬ 
nomenon. Unlike the inner region of the geomagnetic field, the magnetic arch 
does not rotate with the Earth. Therefore, between the two regions, on the 
night side of the Earth, there exists a surface of shear which connects directly 
•with the auroral zone. Within this surface of agitated plasma and magnetic 
fields it is possible that protons (or other ions) are accelerated by Fermi inter¬ 
actions. Alternatively, since the flux-lines within the magnetic arch move 
around each in synchronism with the Earth’s rotation, their length is con¬ 
tinually changing in a periodic manner. Protons entrained within the tubes 
of force are accelerated and decelerated in a similar cyclic manner, and have 
their maximum energy of about 100 keY above the auroral zones on the night 
side of the Earth. An acceleration mechanism for electrons is also x^i'oposed, 
and this follows from the electric fields created by the deformation of the 
polar magnetic flux into helical-like paths. All three of these acceleration 
mechanisms follow naturally from an asymmetric distribution about the Barth 
of the magnetic field which connects with the loolar regions, and all have the 
property that they account for auroral displays occurring on the night side 
of the Earth. 

In Section 6 the nature of the gegenschein is discussed, and the possibility 
that it is located either in the tail-end of the magnetosphere or wdthin an 
extended « gas-magnetic tail» is examined. 


2. - Solar corpuscular streams. 


From the world-wide disturbances of the geomagnetic, field we know by 
inference that the Sun is an occasional emitter of cori)uscular streams. Shortly 
after the discovery of the 11 year sunspot cycle Lamont and Sabine inde¬ 
pendently discovered in 1851 the 11 year periodic fluctuation in the magnetic 
declination. In 1859 Caeuington [1] observed that a short-lived bright spot 
on the face of the Sun was later followed by auroral displays and a geomag¬ 
netic storm, and was the first to suggest that specific, solar and terrestrial 
events have a common relation. The recurrence of magnetic disturhances 
every 27 days, in synchronism with the Sun’s period of rotation, was first 
proved conclusively by Chree and Stagg [2]. Prom statistical investigations 
(Greaves and !Newton [3, 4]) we now know that there is a definite tendency 
of the greater geomagnetic storms to follow 1 day after the central meridional 
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passage of a large sunspot group, particularly when it is accompanied by in¬ 
tense chromospheric eruptions, or «flares ». Smaller magnetic storms are not 
significantly associated with sunspots but none the less they show a marked 
tendency to recur every 27 days. 

The transit or delay time T, between the central meridional passage of 
a specific solar event and the onset of a magnetic storm, varies between ap¬ 
proximately 15 and 50 hours. In the range of transit times of 21-41 hours, 
magnetic storms are roughly of equal probability; the maximum frequency 
occurs for transit times of 17-21 hours (Newton and Jackson [5]). One 
readily finds that protons travelling from the Sun to the Earth in a time T, 
must have an energy of 

(1) = 1 • 10’T-2 eV, 

where T is measured in hours. A transit time of 20 hours therefore implies 
that the protons arriving at the Barth have a mean energy of 25 keT. The 
corresponding speed is 

(2) F = 4 • 10^ km , 

or 2 000 km s-. Doppler shifted hydrogen lines were first observed by Meinel [6] 
with a spectrograph i)oiiited towards the magnetic zenith during a brilliant 
aurora. The violet wing of the profile indicated incoming proton velo¬ 
cities of at least 3 OOO km s™'. 

There is little doubt thuit the Earth is bathed with a periodic and an irre¬ 
gularly fluctuating solar corpuscular radiation, of which protons have typical 
energies on the tens of kilovolts range. This coiKdnsion follows from convincing 
and well (‘stablislied evidence. 


3. - Is there a solar wind? 


In 1953 t^'roRB'/Y [7] de<luced from the propagation characteristics of whistleris 
that the electron dtvnsity at a distance of 2-3 Barth radii was approximately 
400 (*m“®, Following Storey’s original estimates a number of other studies of 
dilTertuit phenomena have yielded a similar density extending for a very much 
large distan<*e from the Earth. In the same year Bbthii and Siedentopf [8]' 
made the first acu.ui'ate m<‘asurements of the degree of polarization of the 
zodiacal light. By assuming that dust scattering could not account for the 
polarization effect they estimat(.‘.d that the ele(‘tron density in the plane of 
the ecliptic was 600 env ® at a distance of 1 A.U. from the Sun. 

More recently Fuapman [9, 1,0] has drawn attention to the possibility that 
the Earth’s orbit lies within the extended solar corona. He considers a static^ 
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splierically symmetric corona in -whicii heat is conducted radially outwards, 
and shows that the temperature obeys the law Tocr"’. It follows that at 
the orbit of the Earth the solar gas is at a temperature of about 2*10°'’K. 
From the hydrostatic equation one then finds that for a coronal density of 10® cm-®, 
the density at the Earth’s orbit is of the order of 10® cm-®. This idealized 
static model serves the purpose of showing that the solar atmosphere does 
not have an abrupt fall ofl! in density, and therefore, whatever state it might 
be in, one might expect it to extend for large distances throughout the solar 
system. 

In the meantime progress was made in a different direction. Bier- 
MANN [11-14] had advanced the hypothesis that in addition to the irregular 
and periodic corpuscular emissions there is a continuous and permanent flow 
of ionized gas away from the Sun. The evidence for this view comes from the 
radial accelerations observed in certain comet tails (Bobrovnikov [15], 
WxiRM [16]). The repulsive force aiway from the Sun is occasionally about 
100 times the gravitational attraction, and sometimes is even several thousand 
times as great. From such data Biermann estimates that the ionized gas 
streaming away from the Sun has typically a density of 100 cm.-® and a velo¬ 
city of 500 hm s-^ at the distance of the Earth’s orbit. Under conditions of 
enhanced and violent solar activity it is supposed that the density increases 
by two and even three orders of magnitude, and the velocity increases to pos¬ 
sibly 3 000 km s“^. Kibpenhetjer [17] discusses and reviews these results and 
refers to the ionized gas as a « wind » blowing away from the Sun. 

Parker [18, 19] has shown that there is no static solution for the baro¬ 
metric equation in which the hydrostatic pressure of the solar corona goes 
to zero at infinity, and the corona mnst therefore continuously expand hydro- 
dynamically away from the Sun. On the basis of this model Parker deduces 
that at the Earth’s orbit the density and velocity is similar to that estimated 
by Bibrmann. The radial flow of ionized gas away from the Sun is referred 
to by Parker as the « solar wind ». 

Thus, the picture that emerges is that under quiescent conditions there is 
an interplanetary medium of ionized gas, and this medium has a density at 
the Earth’s orbit, variously estimated by different authors, of several hundred 
ions per cm®, and in all probability it possesses a radial velocity away from tlie 
Sun of several hundred kilometers per second. Possibly one of the strongest 
pieces of evidence in support of the solar wind theory comes from the fact that 
weak aurorae are observed on almost every clear night somewhere in the 
auroral zones (Harang [20]). These aurorae appear to have no conspicuous 
relation with any specifi.c solar event. 

However, it would appear that the solar wind theory is not founded on 
evidence which is altogether secure, and there are many people who yet remain 
to he convinced of its reality. Blaokwblr and Ingham [21] have recently 
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reTiewed tlie evidence for a solar wind and liave emphasized that this evidence 
is still in an unsettled state. BiiAaKWESLL and Ingham’s [21] observations of 
the zodiacal light in 1958 at the high altitude station of Chacaltaya and the 
study of the specitra that were obtained, have failed to detect any electrons 
in the interplanetary region. They show that the upper limit for the electron 
density at 1 A.U. is 120 cm“=*, and that the polarization of the zodiacal light 
cannot be attributed to the presence of electrons, as was done by Behk. and 
SiEDENTOPF. Also, Storey’s estimates of the electron density were uncertain 
and depended markedly on the density distribution close to the Earth. More 
precise knowledge of the density distribution comes from the study of « nose » 
whistlers (Smith and HeliawelIj [22]) and it is found that at a distance of 
5 Earth radii tlie electron density is approximately 100 em~®. Whipple and 
PiBEMAN [23] have determined an upper limit for the rate at which meteorites 
are etched by corpuscular radiation in interplanetary space. If the etching 
is done by protons with a speed of 1000 km s“% Whipple [24] finds that the 
corresponding upper limit for tlie jirotou density is 40 cm“». The ion densities 
detected by Soviet space vehicles at a distance of 3-4 Earth radii have an upper 
limit of (30-:--60) cm-» ((ximisgauz et al. [25]). Finally, Blackwell has stressed 
(private communication) that the accelerations observed in comet tails do not 
provide unambiguous evidence in support of the solar wind theory. The acce¬ 
lerations are a feature of only a fraction of the comets and might therefore 
be duo to nothing more nor less than the occasional intense corpuscular emis¬ 
sions from the Bun which arc already known to exist. 

It seems therefore that until more is known about the'Earth’s interpla¬ 
netary environment we must view with caution those ideas and theories that 
demand densities at the Earth’s orbit in excess of 100 ions or electrons cm"**. 
Furthermore, we must lie prepared to accept the possibility that under quie¬ 
scent c'.onditions the acdmal density may be as much as an order of magnitude 
less. 

In our discussions we shall adopt tlie solar wind theory, and assume that 
the parti<*le density is typically 50 cm“®, and that the velocity is approximately 
500 km S"^. If it turns out that there is no solar wind at all, then our remarks 
must be taken as applying only to those intermittent corpuscular emissions 
from the Sun for whi<‘h there is definite evidence. 


4. - The magnetosphere. 


(’lose to the Earth the geomagnetic field is ro.ughly that of a simple dipole. 
This has been known for a long time from the spherical harmonic analyses 
of the field components at the Earth’s surface (Chapman and Bartels [26], 
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and more recently has been demonstrated in an impressive way by the study 
of whistlers, the discovery of the Van Allen belts (Van AtAjEN et al. [27]), and 
by the Argosy experiment (Christofilos et al. [28]). This inner region of the 
geomagnetic field contains those flux-lines which intersect with the EJarth’s 
surface at latitudes below the auroral zones. 

If R is the distance at which a flux-line crosses the geometric equatorial 
plane, and a is the radius of the Earth, then 

(3) — = sec2 00 » 

a 


where 0o is the latitude at which the flux-line meets the Barth’s surface. The 
auroral zones are situated at the geomagnetic latitudes of 0o=dz67°, ap¬ 
proximately, and therefore from eq. (3) the flux-lines which fall into the auro¬ 
ral zones extend to a distance of R— 6a. Most likely this entire region 
bounded by the flux-lines extending to 6 Earth radii, rotates as a solid with 
the same angular velocity as the Earth itself. This conclusion follows from 
Ferraro’s [29] law of isorotation and also that the magnetic stresses of 
everywhere exceed the thermal, gravitational, and inertial forces. It is inte¬ 
resting to notice that the centrifugal force in the equatorial plane is equal to 
the Earth’s gravitational attraction at a distance given by 







or, R = 6.5a, which is remarkably close to the limiting surface of the inner 
region of the geomagnetic field. 

Perhaps the most outstanding feature of the inner region of the geomag¬ 
netic field is the presence of a geocorona consisting of the Van Allen radiation 
belts of energetic charged particles. There are two distinct radiation belts 
and their outer surfaces are situated at distances of roughly 2 and 4 Blartli 
radii, respectively, from the Barth’s centre. The inner belt contains a rela¬ 
tively large flux of high energy protons which are satisfactorily accounted for 
by the cosmic ray neutron albedo theory (Singer [30]). The outer belt (‘onsists 
largely of energetic electrons (Vernov et al. [31]) that are probably of solar 
origin; their average energy is about 25 keV and the fiu.x density is cm-*’’s-’. 
In the past it has been suggested that the outer radiation belt may be the 
immediate main source of the electron streams that produc*n the excitation 
phenomena and the X-rays (Meredith et al. [32]) in the auroral zones. How¬ 
ever, the magnetic flux-lines which pass through the outer belt do not nor¬ 
mally fall into the auroral zones, and if only for this reason, the suggestion 
as it stands cannot be accepted. 
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Tlie outer or distant geomagnetic field contains those flnx-lines wMch 
extend beyond 6 Earth radii in the equatorial plane, and which connect with 
the Barth’s surface in the magnetic polar regions at latitudes above the auroral 
zones. Of this region very little is known directly, and yet the topology of 
the field in this region is of fundamental importance for understanding the 
physics of the Earth’s immediate interplanetary environment. Although there 
is very little direct evidence for supporting the view, it is now widely agreed 
that the distant geomagnetic field is appreciably different from that of a 
simple dipole. Unfortunately, surveys of the distant geomagnetic field with 
magnetometers carried aboard the space probes have not been particularly 
revealing (Sonnett et al, [33]). Measurements made along a single trajectory 
cannot by themselves afford an overall picture of the time and space varying 
geometry of the field. It is possible that for this purpose other methods must 
be employed, such as the release of barium vapour which is photoionized by 
solar radiation and then is detected by resonance scattering as it maps out 
the magnetic field lines (Hakrisokt [336]). 

In 1896 Birkblani) [34] suggested that magnetic storms and aurorae were 
caused by streams of fast electrons ejected from the Bun. Stormer developed 
the theory mathematically and studied the motion of a single charged par¬ 
ticle in a geomagnetic dipole field which extended to infinity. The theory was 
subsequently criticized by Schuster in 1911 [35] on the grounds that the 
Coulomb repulsion in the streams could not be neglected. Uindemann [36] 
suggested the possibility that the corpuscular streams consisted of neutral 
ionized gas; this suggestion was taken up and developed in the now classic 
work of Chapman and Ferraro [37-39], Chairman [40], Ferraro [41, 42]. 

Chapman and Ferraro assumed that the ionized streams from the Sun 


liad cross-sections which were large in comparison with the Barth and its im¬ 
mediate environment. Their major contribution was the study of a stream 
impacting against the geomagnetic field. The stream as it approached, swept 
up the. distant geomagnetic field and compressed it, thus accounting for the 
abrupt increase in the horizontal component of the field at the Earth’s sur¬ 
face, wliich is characteristic of the initial phase of a magnetic storm. In ad¬ 
dition to compressing the geomagnetic field on the Sun’s side of the Barth, 
the stream also flows round and pass the Barth leaving a hollow wake on the 
night side, in which tlio geomagnetic field is relatively undisturbed. Ohapman 
and Ferraro adopted the view that the hollow formed in the solar stream 
would persist to great distances. Furthermore, they considered the possibility 
of a ring-current about the Barth as a result of the polarization of the solar 
stream. Martyn [43] attempted, on the basis of this idea, to developed an 
acceleration mechanism for injecting energetic particles into the auroral zones 
to account for auroral phenomena. These details, and other theories such as 
Alfv6n’s [44], are not considered in this discussion. 
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An approximate metliod for estimating the shape and dimensions of the 
hollow carved out in the solar stream is the following (*). The steady-state 
hydrodynamic equation is 

( 5 ) Q{W)V=jAB-Vp . 

For a hypersonic stream the thermal pressure can he neglected on the Sun’s 
side of the Earth. Expressing jAB in terms of magnetic stresses it follows 

(6) l; , 

as a first approximation, where IN' is the density of protons of mass M. Ex¬ 
pressing the magnetic intensity in terms of Bo at the Earth’s surface: 



the corpuscular stream approaches the Earth to a distance of R given by 

'a~\4nNMV^)‘ 

We now suppose that instead of a corpuscular beam we are dealing 
with a solar wind of N — 50 cm"®, and V — 500 km s~^. We tlien find from 
eq. (7) for Bo = 0,3 gauss, that B = 6.8a, or slightly more, since the magnetic 
intensity will be higher than that assumed for a simple dipole. Tlie first con¬ 
clusion therefore is that even with a relatively mild solar wind there is no 
distant geomagnetic field beyond 6 Earth radii on the side of the Earth facing 
the Sun. 

On the night side of the Barth one expects the hollow in the solar stream 
to ultimately close up because of the finite temperature (Beaiid [45]) of the 
stream. Neglecting for the moment the effect of the magnetic field, it follows 
that the hollow should close up in a distance of the order 

( 8 ) ^ = 

where is the thermal speed of the protons. For F==500kms"^, M~0a, 
one finds L is 20 Barth radii for a temperature of 10® '’K., or 60 Earth radii 


(*) This paper was prepared early in. 1961 and a more detailed discussion on this 
subject has since been published by the author in Oeophys. Journ., 6, 479 (1962). 
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in the case of a temperature of 10*^ °K. The geomagnetic field at these dis¬ 
tances will be quite weak, whatever form it might take. 

Thus, as shown in Fig. 1, the hollow formed by the Earth in the inter¬ 
planetary fluid has a tear-drop shape. Our calculations are exceedingly crude, 
but none the less they include, one hopes, the essential physical processes. The 
same highly simplifying assumptions have been used in more detailed analyses 
(Parkeb. [18], Beard [45], Zhiqdlev and BomishevstvII [46]) with essentially 
the same results. Progress in the direction of a more exact solution of this 
problem does not seem possible until more is known about the nature of the 
boundary layer formed wliere the solar wind is in contact w'ith the geomagnetic 
field. Here one has perhaps the most formidable boundary layer problem 
known to physics. For example, Parker [47] has shown that in all proba¬ 
bility the outer geomagnetic surface exhibits Helmholtz instability in a manner 
similar to the surfac^e of w^ater which is in contact with moving air. Many 
authors have supposed that at the surface the electromagnetic fields vary 
abriijitly according to the « superconductivity equation » 

(9) — Xr^X = 0 , 

where X^ —is the « collision-free penetration depths. 
For a value of N equal to 6<.) cm“®, this equation gives a boundary layer of 
only 1 km in thickness. It is doubtful whether such a treatment of the 
jiroblem has any physical reality; where, for example, has the interplanetary 
medium gone to, whi(di normally would have filled the hollow in the absence 
of the Earth? Such a situation can only obtain for periods of time less than 
a characteristic collision period for the surface currents at the boundary. Even 
if the mean free path is 1 A.U., the collision time is still only of the order of 
1 day, and such a treatment is therefore possible only for transient plieno- 
mena, which in any case should he dealt with in terms of shock wave theory. 
With even very weak magnetic fields embedded in the solar wind one expects 
the flow past the Earth will be streamline, as for moderately compressible 
fluids flowing round a stationary obstacle. 

The region about the Earth has been referred to as a hollow or cavity in 
the solar wind. This is misleading, for this region contains the geomagnetic 
field in which there is distributed a plasma of varying density. More appro¬ 
priately, one might use Gold’s [48] terminology and refer to it as the « mag¬ 
netosphere ». Its asymmetric shape affects only the distant geomagnetic field. 
On the Sun’s side of the Barth the magnetic field is compressed and parted, 
and flux-times are carried round to the rear side of the Barth to form what 
we shall refer to as the « magnetic arch » (Fig. 1). The magnetic arch contains 
virtually all the magnetic flux which normally in a vacuum would extend 
symmetrically about the Earth to a distance greater than 6 Earth radii; it 
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therefore consists of the magnetic flux which comes from the polar regions. 
Hence, the magnetosphere contains two distinct regions: an inner region, which 
is symmetric about the Earth and contains the magnetic flux from latitudes 
below the auroral zones; and an outer region, which is mainly on the night 
side of the Barth, and contains the magnetic flux from latitudes above the 
auroral zones. The first region co-rotates with the Earth, and the second region 
is stationary. 



Fig. 1. - An asymmetric magnetosphere produced by corpuscular radiation from the 
Sun impacting against the Earth’s magnetic field. The letters Gx and G.^ in<li(‘.ate the 

possible locations of the gegenschein. 


Parker [18] has commented on the possibility that some of the polar mag¬ 
netic flux might be captured or frozen into the solar wind, particularly under 
conditions of enhanced solar activity. Beyond the magnetic, arch there is the 
strong possibility that the Earth possesses a magnetic tail dirc^cted away from 
the Sun. One would expect the magnetic tail to form at a distance of 20 or more 
Earth radii at the tail-end of the magnetosphere. Johnsion [40] doubts whether 
a tail will form as it would consist of bundles of oppositely directed flux whicdi 
would merge and cancel out each other by Sweet’s mechanism (Parker [50]). 
If flux is transported away from the Earth to form a tail, its ultimate dissi¬ 
pation must depend on collision processes, and it is therefore difficult to see 
why a tail should not form and extend to very considerable distances from 
the Earth. 

Once we are reasonably sure of the geometry and properties of the magneto¬ 
sphere, an outstanding problem will he the determination of its modes and 
periods of oscillation. Already the subject has received some attention 
(Dungey [51], Obayashi [62], Kato and Watanabe [53], Jacobs and 




SOLAR CORPUSCULAR RADIATION AND THE NATURE ETC. 


75 


SiNNO [54]). The micropulsations of the geomagnetic field show dissimilar 
characteristics for the day and night sides of the Earth. During daylight 
hours the fluctuations tend to he continuous (referred to as Pc’s), but during 
the night they take the form of damped trains of oscillations (Pt’s). On the 
night side the fluctuations of the magnetosphere are more complex, as one 
would expect, and we shall therefore consider briefly only the fluctuations 
occurring on the daylight side of the Earth. 

In 1953 Holmbeeg [55] noticed that the micropulsations during daylight 
hours tended to fall into two distinct frequency wave-bands, having their 
peak values at 20 and 70 seconds per period, respectively. More recently, 
Jacobs and Sinno have analysed geomagnetic pulsation data recorded during 
the International Geophysical Year and find that Holmberg’s original de¬ 
ductions apply to micropulsations observed at almost all latitudes below the 
auroral zones. The long period pulsations are synchronous over wide areas, 
and have maximum amplitudes approaching the polar regions amounting on 
occasions to a few tens of gammas (y = 10"® gauss). The short period pulsa¬ 
tions have maximum amplitudes of only a few gammas in moderate latitudes 
and are not synchronous over wide areas. 

The correct approach to a problem of this kind is to set up the hydro- 
magnetic equations with the appropriate boundary conditions for the magneto¬ 
sphere and study the modes of oscillation for arbitrary perturbations. A more 
elementary treatment is to use a string model, and by assuming thab distur¬ 
bances are propagated at the Alfveii phase velocity of V — along 

the magnetic field, to cjalculate the allowed frequencies at which the flux-lines 
oscillate. Obviously, such a model is grossly inaccurate, and can yield only 
the crudest results. 

We assume that the flux-lines are ancliored in tlie ionosphere and that the 
currents induced in tins region are responsible for the field fluctuations at 
ground level. The flux-lines are symmetric about the geomagnetic*, equator 
and their perturbation by tlie impacting solar wind will excite, in addition to 
the fundamental frequency, only the odd overtones, as in the analogous (*.ase 
of a string fixed at botli ends and disturbed symmetrically about its centre. 
The inclination of the magnetic equatorial plane to the ecliptic must mean 
that there are also even overtones of high order, but as their amplitude is 
small they can be neglected. 

As a first approximation we suppose that the allowed frequencies are har¬ 
monic and given by 

( 10 ) = 

J 

as for an ordinary string, where w. = l, 3, 5,..., and the integral is along a 
flux-line between the conjugate nodal points in the ionosphere. The Alfv6n 
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phase -velocity is not greatly sensitive to variations in density, and assuming 
that Q is constant above, say, 1000 km, the corresponding eigenperiods to 
eq[. (10) are 

_ ^ (EV a , 

CD 

For Eja — Q, and a number density of N =100 protons cm“*, it follows that 
Ti = 100 s and ^3 = 33 s. 

On the basis of this model discontin-uities in displacement are not expected 
and therefore the amplitudes of the Fourier components converge at least as 
rapidly as and the amplitude of % will therefore be an order of magnitude 
or more less than that of in agreement with observation. In spite of the 
limitations of the string model these results are close enough to Holmberg’s 
periods of 70 and 20 s for the long and short wave-bands to suggest that micro- 
pulsations are the free oscillations of the magnetosphere. 

Pursuing the idea of a string model even further, we know that if the phase 
velocity is not constant along a flux-line, the allowed frequencies in general 
are not harmonic (the overtone frequencies are not integral multiples of the 
fundamental). The geomagnetic field strength varies as r“», and the phase 
velocity must therefore alter in a similar manner. Consider a length I along q 
a flux-line with its end points fixed rigidly and symmetrically about the equa¬ 
torial plane. Using perturbation theory and assuming that the field varies 
as the cube power along the line, then for I E 



This equation illustrates the general rule that if the phase velocity decreases 
towards the mid-point of the string the overtones of frequency are less 
than nv[. If the result (12) is extrapolated to the limit of which 

strictly is not a valid procedure, then 


(13) 


v'n 


2v„ 



1 


and therefore T[ is slightly less than obtained from eq. (1). The ratio of 
the periods of the fundamental and the second overtone is Ti/TjCiS.b The 
fact that Holmberg’s ratio of TJ/T' = 70/30 is also 3.5 is perhaps a fortuitous 
coincidence in view of the impermissible extrapolation of a perturbation treat¬ 
ment. However, on the basis of the string model one expects in general that 
agreement with observation. Failing a more detailed knowledge 
of the magnetosphere, the string model in spite of its crudity is physically 
able to explain at least qualitatively some of the properties of micropulsations. 
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5. - Origin of auroral streams. 

In spite of the sustained interest the aurorae have excited in living memory, 
we still do not understand the basic mechanisms responsible for this remark¬ 
able phenomenon (Hauang [20], Febrabo [56], Chamberlain and Meinel [57], 
Stoemer [58], Blvby [59], Parker [60]). We shall leave aside most of the 
problems connected with the aurorae, and concentrate on only those which 
appear to be specifically related to the general nature of the Earth’s immediate 
environment. 

Since the observation by Meinel of Doppler-shifted hydrogen lines in 
low latitude homogeneous arcs there can remain no doubt that solar corpus¬ 
cular emissions play a fundamentally important part in the excitation of auroral 
displays. There is evidence that the displays are excited by both electron and 
proton streams occurring either simultaneously or separately in different types 
of auroral structure. Furthermore, one of the most revealing features of the 
auroral displays comes from the fact that they are essentially a night time 
phenomenon, as shown by radio studies (see for example Currie et al. [61]). 

The excitation of the aurorae by corpuscular streams from the Sun and their 
occurrence on the night side of the Barth can only be reconciled in the frame¬ 
work of a terrestrial environment which possesses marked asymmetric pro¬ 
perties. The acceleration mechanisms necessary for producing energetic par¬ 
ticles which can penetrate to the 100 km level must also find their natural 
place in sucli an asymmetric environment. 

We have seen that the distant geomagnetic field is distributed predomi¬ 
nantly on the night side of the Earth, and it is possible to attribute to this 
fact alone many of the singular properties of the aurorae. We shall suggest 
three reasons why the auroral displays occur on the night side of the Earth. 

1) Already it has been, pointed out that the magnetosphere consists of 
a region which co-rotates with the Earth and a more distant, highly asym¬ 
metric region which is stationary. There must therefore be an. intermediate 
region or surface of shear, as shown in Fig. 1. Intuitionally one expects this 
region to consist of highly agitated plasma, and disordered magnetic finx, 
within which Fermi interactions (Parker [18]) are the efficient mechanism 
for accelerating protons. It is significant that this region is in the form of 
a shell which envelops the night side of the Barth and extends down into the 
auroral zones close to the .Earth’s surface. 

2) As the Earth rotates the flux-lines within the magnetic arch must 
change their relative position, as pointed out by Johnson [49]. Thus the 
flux-line marked « a » in Fig. 1, becomes the flux-line marked « a' » when the 
Earth has rotated through 180® about its axis. 
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Consider a tube of flux containing protons that have leaked in from the 
solar wind. Their longitudinal velocity V^^ is of the order of 600 km s~^. Their 
transverse drift velocity in the equatorial plane is 



Mg 

Bgqji 


for 1^1 -C 1^, where is the radius of curvature of the flux-line. Assuming 
that B —^10-2 gauss, and — 6a, it follow sthat 10^ cm s“^, which is very 
much less than the speed of the flux-tubes. As a first approximation it can 
be taken that the protons are confined to a given flux-tube. We can therefore 
use the longitudinal adiabatic invariant 

j=jr,Ai, 

in the sense that the integral is along a given tube of force, and is evaluated 
between the mirror points. Thus, if L is the length of the magnetic tube of 
force at any instant, then V^^ oc L-^. If the tube changes its length by as 
much as a factor of 10, then the original energy of approximately 1 keV at « a » 
becomes 100 keV at « a' », which is sufficient for penetration to auroral altitudes. 
Hence, the protons are collected on the Sun’s side of the Karth and are vir¬ 
tually squeezed out of the tubes of force on the night side of the Barth. 
Practically all particles in the magnetic arch are in a state of cyclic accele¬ 
ration and deceleration, but the maximum periodic change in energy is asso¬ 
ciated with those flux-lines that change their length by tlie greatest amount. 
It is evident that these particular flux-lines fall into the auroral zones. Also, 
when they are at the position « a » they are adjacent to tlie solar stream, and 
are better situated for being charged with energetic protons than the flux¬ 
lines buried in the interior of the magnetic arcli. Tliis meclianism, together 
with the previous proposal, has the virtue that it explains not only why the 
aurorae are situated on the night side, but also why tliey ocxnir in relatively 
narrow zones. 

3) Both the above proposals offer efficient mechanisms for a<*eelerating 
protons, but are unable to account for energetic- electrons. The energy re¬ 
quired by the electrons is not large (Fan [62]) and elsewliere it lias Ixicii sug¬ 
gested (Harrison [63]) that collective electrostatic interactions between the 
protons and electrons will cause the electrons to be dragged down with the 
proton streams and thus gain transverse energy in the <ionverging magnetic 
flux-lines. Alternatively, as Piddington [64] has pointed out, tlie polar flux¬ 
lines are possibly twisted about each other in a helical fashion. This would 
certainly occur to some degree if any resistance is oft'ered to the motion of the 
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plasma in the magnetic arch. This plasma is churned around and there must 
therefore he some impedance to the motion of the magnetic flux. The twisting 
of the polar bundles of magnetic flux into helical-like paths must mean that 
electric currents flow from the magnetic arch down into the magnetic polar 
regions, radially outwards to the auroral zones, and then up along the flux¬ 
lines back into the magnetic arch. Or in other words, there is an electric 
field which drags electrons down into the auroral zones. Hines [66] has dis¬ 
cussed similar phenomena in the polar regions although apparently he adopts 
the point of view that the cui’i'ents are located in regions close to the Earth’s 
surface. It is clear that the rotational deformation or twist of the polar mag¬ 
netic flux will establish inwardly and outwardly directed electric fields which 
will contribute to the auroral and polar phenomena, and may well produce 
the electron streams which appear to be a substantial feature of auroral dis¬ 
plays, particularly in their latter stages. 


6. - The Earth’s gas-magnetic tail. 

Houzeait [66] and Eveushed [67, 68] have independently proposed the 
theory that the Earth possesses a gaseous tail directed away from the Sun, 
very much like the tail of a comet. They were led to this conclusion in their 
attempts to account foi* the gegenschein. Owing to the difficulties of observing 
the gegenschein very little appears to be known about it (Mitra. [69]). Bar¬ 
nard [70-74] recorded his visual observations over a number of years and 
refers to Brorsen [7.5] as the original discoverer, followed later by Baok- 
i-iOTTSE [76]. However, it appears tliat Humboldt also knew of the gegenschein 
at the end of tlie eighteenth century, and possibly there were others before him. 
More re(^ently the gegenschein has attracted the attention of a number of 
Knssian workei-s (see Hope [77]) who have revived the gaseous tail theory. 

The recoi’ded ohservations of the gegenschein are not all in agreement, 
and one must regard the little that is known with a certain amount of re¬ 
servation. P’rom the visual ohservations of Barnard, Evershed, Astapo- 
viTCii [78] and Fesenkov [79] we learn that the gegenschein is a faint lumi¬ 
nosity of the niglit sky, dose to the ecliptic, and almost directly opposite 
the Sun. It usually appears elliptical in shape with the major axis lying nearly 
along the ecliptic. Because of its faintness it has been found difficult to assign 
any accurate dimensions to the gegenschein; generally, it extends about 10° 
along the major axis and 6“ along the minor axis, although on other occasions 
it may attain a size as Large as 40°. With the exception of Barnard, most 
observers agree tliat the c-entre of the gegeneschein is disiflaced to the west 
of the counter-solar point by about 3°. Another characteristics featui'e is that 
it frequently appears « spotty ». DivARi [80], Beiir and Siedenctopp [8] and 
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Boaoh and Hees [81] liave made photometric studies of the gegenscheiii, and 
the latter believe there is evidence for thinking that the gegenschein and the 
zodiacal light have their origin in separate and distinct concentrations of par¬ 
ticles. Feseisfkov [79] and Karimov [82], on the basis of siiectroscopic studies, 
have claimed that the gegenschein has an emission spectrum similar to that 
of the night air glow, it now seems (Pariiskii and Gindilis [83]) that they 
were mistaken and the spectrum is continuous and resembles that of the zo¬ 
diacal light with the exception of some minor features. 

The gaseous tail theory of the origin of the gegenschein encounters the 
hitherto unsolved problem of accounting for a non-divergent jet of gas pro¬ 
jecting away from the night-side of the Earth. Piddington [84] has made 
the remarkable suggestion that the gegenschein is located within the Earth’s 
magnetic tail. Piddington proposes that the magnetic tail is an occasional 
appendage which may persist as a remnant of a magnetic storm, and that as 
the distant magnetic field recovers some of its symmetry, the energetic par¬ 
ticles in the tail region are pulled in to populate the outer Van Allen belt, 
A different point of view has been adopted in this discussion; even the most 
tenuous solar wind is adequate to maintain a complete asymmetry of the 
distant geomagnetic field, and because the field intensity falls off rapidly as 
one moves away from the Earth, the incidence of geomagnetic storms will not 
change qualitatively the general tear-drop shape of the magnetosphere with 
its trailing fllamenting tail of magnetic flux. 

Soviet observations by Astapovitoh, Divari, Eesbnkov, Karimov, and 
Rozhkovski, both visual and photometric, have established that there is a 
parallax shift of the gegenschein as the Earth revolves. Tliey calculate that 
the gegenschein is at a mean distance of 20 Earth radii. This distance would 
place the luminosity at the tail end of the magnetich arch. Whatever tlie 
nature of the particles responsible for the gegenschein luminosity, whether 
they are of atmospheric origin or not, one can account for the ellipthuil shape 
of the luminosity by supposing that they are concentrated at the tail-end of 
the magnetic arch in the region marked 6?i, in Fig. 1. (Harrison [33/>]). 

However, although this theory is attractive, one hesitates to accept out¬ 
right the results of the parallax measurements. Accurate measurements to 
within dr 0.5® even of the position of the axis of the zodiacal light are very 
difficult to make. An error of as little as di 1° in the jiarallax measurements 
would make the position of the gegenschein uncertain as to whether it is 15 
or 30 Earth radii distant. Such an error is not improbable. Pbsenkov [85] 
claims that the deviation of the axis of the zodiacal light from the plane of 
the ecliptic is completely negligible, although other workers and more recently 
Blackwell [21] have shown that the planes of the zodiacal light and the 
ecliptic are by no means coincident. In view of the variable nature of the 
gegenschein, and that sometimes pronounced changes occur in even a single 
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night, it would seem that the problem of determining the parallactic shift of 
the gegenschein is at least as difficult as determining the axis of the zodiacal 
light. Until further observations are made, and there is a measure agreement 
between them, we cannot claim to know exactly where the gengeschein is 
situated. It may be within the magnetic arch, as previously suggested, and 
this is theoretically plausible, or it may be situated in the magnetic tail in 
the way Piddington has suggested, as for example, at the points Ug in Fig. 1, 
and can therefore extend for a considerable distance from the Earth. Inde¬ 
pendently of where exactly the gegenschein is located, it is interesting to notice 
that the early gaseous tail theories are now made more plausible with the 
concept of a magnetized medium, and elsewhere the author (Harrison [86]) 
has prox^osed the name of « gas-magnetic tail » for the region in which the 
gegenschein is situated. All observers agree that the gegenschein is « spotty » 
or granular in appearance; this is exactly what one would expect from a ga¬ 
seous, ionized medium in which there are embedded ropes of magnetic flux. 

Uet us assume that the solar wind is directed radially away from the Sun. 
Since the Earth has an orbital velocity of 30 km 8“^, it is clear that the major 
axis of the magnet<)S}>luvre will be inclined in the plane of the ecliptic by an 
amount « to a line joining Earth and Sun. The angle oc is given hy the relation 

(15) '/V ~ Ve ctg a , 

where vv is the v<*loeity of the solar wind, and = 30 km S"’^ is the Earth’s 
orbital v(doe.ity- If n(>w tlie gegenschein is situated in the magnetosphere, or 
in tlie trailing lilaments of its magnetic tail, then it will be seen to be displaced 
to the west of <‘ount.er-solar jioint. Tins is exactly what is observed, and 
most observers hav<^ determiruMl the value of a as 3®. Putting this values 
of a in eq. (15) yields a solar wind velocity of 600 km S“^ (Harrison [86]). 
It is remarkable how t;li(i observed amount of the western displacement unites 
togtdh(vr tlie various t<vnt.ative assumptions that have been made in the course 
of this discussion. A physic^al picture consisting of a solar wind of approx- 
imatc^ly 500 km s h whii-h interacts with the distant geomagnetic held to 
produce an elongsited mugmdosphere tlnit is resjionsible for all the pheno¬ 
mena (listribuliCd in an asyrnmetrie way about the Earth, such as the aurorae 
and gegenschein, would not he possible if there were not a western displa¬ 
cement of the* gi>g<*inschein of about 3®. 

At the- present stage of our knowledge of the Earth’s immediate inter- 
plamdary <‘,nviron.metit we cannot escape the conclusion that our ideas are 
essentially highly speeulative and are founded on the most meagre of obser¬ 
vations. Reliable and unambiguous information is still pitifully small. An 
approach to the sul)je(‘,t in the proper scientific manner compels us to confess 
that we know exceedingly little in this branch of physics; we do not know 
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whether there is a solar wind, which the present author and many others ha^ve 
rather rashly used as the basis of their theories; certainly we do not know 
the nature of the Earth’s distant magnetic field, and even less do we know 
whether there exists a « magnetic arch » or a « gas-magnetic tail» far above 
us in the night sky. 
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The Production of High-Energy Particles 
in the Sun and in the Solar System. 

E.-A. Brunbeeg 

The Royal Institute of Technology - Stoelcliolm 


1. - Introduction. 

Let me first start this lecture by pointing out that very little is known 
about the mechanism, which produces particles of high energies on the sun, 
although theories have been put forward to explain the experimental fact that 
during large solar flares, particles are accelerated to high energies which are 
observed on the earth. In this connection we shall also discuss dif erent theories 
for the propagation of flare particles from the sun to the earth. 

Whilst all agree to the fact that high energy particles are produced during 
solar flares, there is no such, general understanding about the origin of 
(‘osmic. radiation. The energy spectrum of tliis radiation extends from about 
10»eV to 10’® or 10’® eV. Dirfereut authors claim that radiation is ge¬ 
nerated in intergalactic space (Biermann, Heidmann) or in interstellar space 
(Fermi and others) or at the supernovae (Baade, Shiclowsici and others). 
TEijUflE and Riciutmeyee liave suggested that most of the radiation is of local 
origin, i.e. generated within our solar system. Alev:i?3N has developed a theory 
along t]ies(‘ lines and at the end of the lecture the basic ideas of his theory 
will he explained. 

Before we end this introduction, let me show the following flgure (Fig. 1), 
which has heen given by li’rof. Bxmi>son and which shows the spectra of ener¬ 
getic*, particles observed in the solar system. 

a) Is thc.^ spectrum of tlic cosmic radiation, whose origin is still unknown 
although, as mentioned above several tlieories liave been suggested to explain 
its origin. 

h) Is tlie first, spectrum of protons, derived from a solar flare (Feh- 
ruary 1950). 

c:) Is also from a flare, but not with so many high energy particles 
as in h). 
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d) and e) represent the spectrum of protons and electrons in the ra¬ 
diation belts around the earth. This particular radiation will be discussed in 
another lecture. 
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Fig. 1.-Indicates ixnknown extension of spectrum. * Trapped in geomagnetic 

field, some of these particles are from neutron decay. 


2. - What is a flare? 

First a short review of some well-known facts about the sun. The sun is 
a sphere of hot ionized gases, mainly hydrogen. The solar etiergy is produ(;ed 
by nuclear reactions in a region around the center of the sun, where a tem¬ 
perature of the order of 20-10'* degrees is probable. 

There are three different layers in the outer part of the sun: the photosphere, 
the chromosphere and the corona. 

The photospJisre is the source of the visual radiation from tlie sun. It has 
a radius of 6.95-10® m and a thickness of 10® m. The radiation has a continuous 
spectrum with the Fraunhofer absorption lines. 

The ehromosphere has a rapidly changing structure and gives a spectrum 
of emission lines. Its height is about 10’ ni. 

The corona, finally, has a continuous spectrum, due to scattered light from 
the photosphere. It is highly ionized with a temperature of about 10® degrees 
and extends sometimes out to ten solar radii. 

Sunspots are regions in the photosphere with lower temperature than their 
environment. According to Alfvi^n the sunspots originate jirohably from the 
inner parts of the sun and are propagated to the surface hy magneto-hydro¬ 
dynamic processes. Spots usually occur in pairs and are associated with strong 
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magnetic fields (of the order of several hundred gauss, but up to 4 500 gauss 
has been measured). 

Within the chromosphere and in the vicinity of sunspots there sometimes 
occurs a sudden increase in optical as well as radio emission, which during 
large events are both easily observed in spite of other normal emissions. This 
phenomenon is called a flare. The flare appears as a luminous region just 
above the photosphere. The flare intensity has its maximum after a few mi¬ 
nutes and then gradually decreases during a time of the order of hours. The 
total energy, spent in a large flare, has been calculated to between erg. 

It is supposed that this energy has been stored in the magnetic field in the 
vicinity of a sunspot. The mechanism, which triggers the flare energy so 
suddenly, is not known. It has, however, been suggested by Gold and Hoyle 
that when special magnetic field configurations occur, the magnetic forces 
act so as to push plasma away from the sunspot region and magnetic energy 
is converted into kinetic energy and heat. The energy which is used for the ac¬ 
celeration of plasma thermal energies up to relativistic values of cosmic ray 
energies has been estimated to be only a small fraction of the total flare energy. 

Solar flares are divided in different classes, depending on their surface 
area: 1“, 1, 2, 3 and 3"^ where 1" mean a flare with a surface < 100'10~® of the 
hemisiihere and 3"*" means a flare with a surface >1 200 • 10“® of the hemisphere. 


3. - Flare produced particles and their propagation between the sun and the earth. 


Acceleration of particles to relativistic energies in a conducting medium, 
as in tlie highly ionized regions of the sun, needs a very special mechanism. 
A change in the magnetic, flux with time induces currents within the conducting 
medium, i.e. a betatron effect, but the accelerator or « dynamo » is short cu*- 
cuited and gives strong currents with low particle energies instead of a low 
current, i.e. few particles of high energy. Furthermore it is difficult for the 
accc‘lerated particles to escax)e from the general solar magnetic field. 

Pakkeu has suggested that some form of Fermi’s acceleration mechanism 
for cosnhx^ ray particles in interstellar space might be applicable also as a flare 
meclianism for particle acceleration. Let us, liowever, first review^ the basic 
idea of Fermi’s ai'ia^leratioii mechanism. 

Fekmi: assumes that in interstellar space plasma clouds with « frozen in » ma¬ 
gnetic fields are moving at random with an. average velocity of say v — 30 km/s. 
If charged particles, say protons, approach such a magnetic field they are 
deflected. The particles in other words collide with the clouds, which have 
enormous masses, compared to the particle masses. In a collision a particle 
gains or looses energy, depending on whether the velocity vectors u and v 
of tlie particle and tlie cloud before collision are pointing in opposite 
directions or in the same direction, u is the averaged velocity of the particles. 
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It can be shown that the gain in energy is larger than the loss and that the net 
average gain per collision to as order of magnitude is given by 

SW= -—'Tnc^ y 


where wc^ = TF = particle energy inclusive rest energy. After dii collisions the 
energy is 

dW , 

ir = 


In W- 


c2 

/ya 


• n 4- const 


W = MoG^ • exp 




n 


If 'u/c = 10“% SW= 10-8*900-10« eV 10 eV/collision in the non relativistic 
range. This also means we need 10® collisions for an energy gain by a 
factor e if losses are neglected. 

Parker applies this idea to the flare process. He assumes that the mag¬ 
netic field of the flare becomes unstable, part of the magnetic energy is released 
and results in magneto-hydrodynamic waves in the medium. A charged par¬ 
ticle will spiral in the field along the lines of force for a certain distance and 
then be reflected as in Fermi’s model from a magnetic inhomogeneity which 
moves with the Alfven velocity. 

Taking into account energy losses due to electrostatic interactions between 
the accelerated particles and the ions and electrons of the surrounding plasma, 
Parker states that an acceleration is possible. He finds that a proton may 
reach 10» eV in a few minutes, when assuming a magnetic, field of BOO gauss, 
and he is also able to calculate a spectrum, which is not in disagreement with 
that observed at the earth during strong flares. 

In order to check an acceleration mechanism one must know the spectrum 
of the produced flare particles at the source. This means that we must have 
an idea of how this spectrum is changed when the particles reach the t*arth, 
where we measure the spectrum and consequently we have to study the jmy- 
pagation mechanism between the sun and the earth. 

We shall now discuss different models for the pr-o])agation of solar flare 
high energy particles between sun and earth. One of tlie first attempts to 
solve this problem' was made by Firor. Obviously the earth’s magnc^tic field 
deflects particles when they approach the earth. Depending on their mo¬ 
mentum and position far away in space, where the particles start their motion 
towards the earth, they hit the earth within certain regions or impact isones, 
Between the impact zones there are forbidden regions. Using electronic com- 
putors Firor calculated impact zones on the earth for particles of different 
momenta, starting from the sun and being deflected by the earth’s dipohi field. 
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He assumes, lio-wever, that there is a field free region between the sun and 
the earth. This is certainly not true. The existence of a general solar magnetic 
field must be taheu into account, which will modify the Piror impact zones. 

Before discussing theories of propagation we may sum up the obseiTational 
facts as regards cosmic ray intensity in connection with a flare outburst. 
During a period of 23 years, 6 really intense flares liawe been observed folio-wed. 
hy a large increase in cosmic ray intensity at the surface of the earth. The most 
intense so far was the one of February 23, 1956. The neutron recording in¬ 
struments at high latitudes measured increases of 6-^7 times the pre-flare value. 

It is, however, important to remember that there are many geophysical 
phenomena connected with a flare and the next series of diagrams, which is 
put together by K. Andebson, gives a good survey: 


1 flare light, u! travio! et and X-ra/s 
^ high-frequency solar radio em/ss/on 

3 I frequency solar racf/o omfssfon 



4 so/ar proton intensity 



5 cosmic ray in ten s/iy 


6 cosmic radio-noise 




7 earth'*: magnetic field 


0 4 8 12 16 20 24 28 32 36 40 

tim e h 

Fig. 2. — llie electromagnetic radiation lasts up to four hours after the event. Ult.ra- 
violet and X-rays give an extra ionization in the ionosphore, wliicli is manifested in 
a snclden decrease in the general radio noise from tlie galaxy (ijornpare first part of 
•JNare radio emissions accompanying the electro magnetic radiation, 
p Tlai‘e-produced protons arriving at the center many days after tlie onset of the 
flare. 4) Cosmic ray intensity is influenced by the plasma beam from the sun, when 
it reaches the center after about one day. S) See under 1). When high-energy pro¬ 
tons arrive we get ionization further down in the atmosphere. (Polar Cap Absorp¬ 
tion). 6) Cnrients induced by the plasma beam around the center and in the ionos¬ 
phere influence the earth’s magnetic field. 
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We must also point out that since 1956 altogether about 40 flares were 
observed to produce cosmic ray particles but only a few of these flares gave 
significant and useful recordings. The percentage of low energy particles in 
a flare spectrum is much higher than in the general cosmic ray flux. With 
the use of neutron sensitive instruments flare particles can be studied in a 
better way than using meson telescopes and ionization chambers, because 
neutron recording apparatus responds to lower energies of the cosmic ray flux 
than other apparatus. Furthermore many of the flare particles are not ener¬ 
getic enough to produce an effect at sea level, apparatus in balloons and satel¬ 
lites are better at observing the flare phenomena. 

Let us now list the following characteristics of solar flares as regards cosmic 
ray intensity. There is a rapid increase in cosmic ray intensity, with max¬ 
imum occurring (lO-^-lOO) minutes after the onset of the flare, as revealed by 
the light- and radio emission. The recovery to normal level has a time constant 
of the order of a day or less. 

Differences in onset time (about ten minutes) liave been observed at dif¬ 
ferent points on the earth. 

The differential rigidity spectrum of the particles, responsible for the onset 
and the first part of the event, is proportional to p-* -f- These particles 

seem to arrive more or less 
directly from the sun at the 
earth without being scattered. 

From the many modeds 
which have been proi)osed in 
order to explain the observed 
cosmic ray increases on the 
earth and their time-depen¬ 
dence, the following two are 
discussed. 

One model, put forward by 
Simpson et al. (Pig. 3) suggests 
a trapiiing region around the sun 
with a radius ~ 0.3 A.IJ. This 
region contains disordered mag¬ 
netic fields, which scatter the xiarticles out into the solar system. Outside 
this region the space is essentially fleld-free {B < 10-« gauss) and particles pro¬ 
pagate along straight lines to the earth, which means that tlie Firor impac^t 
zones are valid. Outside the sun-earth region there is a barrier of disordered 
magnetic fields, which scatter some particles back and thus have a trapping 
effect. 

According to this picture flare particles are first scattered in all directions 
by the inner trapping region around the sun into fleld-freo space. They also 


Sun 
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lea;k throug-li the harrier and propa.ga,te to the eartU along straight lines aad 
reach the Firor zones, Tire different onset tinxes observed oii tke earth eould 
he explained by an energy-dependent scattering nea^r tlie sun. 

j4fter this first phase particles fill up the field-free region, and thea are 
scattered by the oater barrier and approach the earth from all directions. 
This constitutes the indirect radiation, vhieh decays gradually as the trapped 
particles diffuse through the barrier out in the galaxiy. 

iVltliough this model is able to explain manjr of the observations, it has 
some disadvantages. Thus it is doubtful that the « field-free » region had a 
magnetic field less than 19“® gauss during the event, There vas lor example 
one station, lying completely outside the Mror iirtpaot ssoiios, ’wliich measmred 
a very early onset time. It must in this conneetion be pointed out that space 
probes haye recently nxeasnred magnetic fields in iiiterplaiietaiy space vhich 
are nxuch greater than 19“* gauss, Furfchei’more it wonld he difficult to ex¬ 
plain the 27-day variation in the cosmic ray intensity if there is no real 
link between the sun and the earth, as a corpLiscnlai’ beam with its niagrietic 
field would constitute. 

It would be interesting to kmow” if all flares, observed by cosmic ray re¬ 
cording instruments c.au be traced to flares on the visual side of the sun. The 
model discussed implies tkat flares on the kidden side of the sun give cosmic 
ray increases ius well. 


"Whereas the basic feature of the model disc^iissed above is u field-free 
I'egion hetveeix snn and earth with disordered iiiagiietic fle^lds outside the 
region, other uiodels are eliaracterized hy an inte:i‘i)lnnc tary inagnctic field of 
a more regular structure, The following model, suggested by A-LryiiiN ct al. 
may ill this respect x*epreseiit these other theories. 

During the fiai’e of February 25, Ifirdx two meson telescopes in Btookkoliri 
recorded the increase. ''Die telescopies were both tilted from the verti<*al, 
one pointing in the north and the other in the H<intli diresc‘.ti<in. This ineaiis 
that atmospheric effects are tke same in the two telescopes, Tlie north-pointing 
telescope measured during the first hour a highuu' m<ircsx.sc relative to the 
preflare level tliaii the south-pointing telescope did. Fig. 4 , 

A similar telescopic arrangement in Rome indicuited the same difference. 
The following interpretation wgus given. 

First of all one must take into account the (leflBctloii of tlio; piuticles in 
the earth’s magnetic field. This can lie done by using- the results of model 
experiments, performed in Stockholm. In these experiments the deflection of 
an electron beuni (inxita<ting cosmic rays) in a magnetic dipole field (imitating 
the earth’s field) was nreasured. 

The results are sko-rn on big globes, Fig*, 5_ 

On such a globe it is possible to find the measuring direction or asymptotic 
direction of a given telescope so to say « outside the earth’s field». This di- 
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rection depends on the energy of the cosmic ray particles as well as the geo¬ 
metrical direction of the telescope on the earth. In tact the w^hole solid tingle 
of the telescope is found on the globe, Le. transformed through the magnetic 
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field. As regards the above mentioned telescopes in Stockholm, their transformed 
solid angles are seen on the globe for a particle energy of 20 GeV (Fig. 6). 
For lower energies the solid angles approach each other and for energies below 
10 GeT they coincide more or less and are completely mixed. 

From these facts and the observed difference in the two telesc'oxies the 
following conclusions were drawn: 

1) There was during the first part of the increase a marked anisotropy 
in distribution of the radiation around the earth for energies above 10 GeV. 
(This might also apply to energies below 10 GeV, but for these energies the 
measuring directions of the telescopes coincide more or hsss tlius making it 
impossible in this way to measure any anysotropy in the low energy par¬ 
ticle flux.) 

2) There were consequently particle energies above 10 GeV in the flare- 
produced radiation. These points are supported by other measurements- 
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3) As the asymptotic direction of the north-pointing telescope makes an 
angle of ~55° vsdth the sun-earth line particles from the sun must haye been 
deflected through an angle of ~55°, either by a magnetic field or by scat- 



Fig. 5. 


« 


tering. Bue to the big radius of curyature, scattering is not likely. Taking 
the eneigy 10 GeV this means an average field perpendicular to the ecliptic 
of the order of 0.5-10-® gauss. 

In order to explain the different onset times of the increase and the high 
abundance of low energy particles ('^1 GeV) in the radiation, a radial mag- 
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netic field (tongue-shaped) already existing before the flare and produced by 
an earlier event was postulated, Fig. 7. 



Pig. 6. 


The propagation mechanism could have been as follows. 

Particles of highest energies pass more or less directly from the Hare to 
the earth and are deflected in the general solar magnetic field. 

Particles of Iowxm* <^nergi<‘s are s<*at- 
tered from the liar(‘ int-o the existing 
radial field. Tlie scattering ivgion near 
the sun eoiTld be similar to the one 
suggested by Bimpson et at. 

In the 1 ‘adial field particles move 
straight or spiral along the lines of force. 
Due to turbulent regions in tlie beam 
they are staittered out of the beam and 
deflected in the general solar magnetic 
field before reacliing the earth. The 
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different pathlengths between sun and earth can according” to Eckhart ex¬ 
plain the dijffierent onset times, Eig. 8. 



This model howe'ver has some drawbacks. 

Firstly it is difficult to explain the isotropic distribution of flare particles 
in space as was observed during the later part of the increase. Only a limited 
region of the earth (facing the beam approximately) is allowed. 

Secondly the magnetic field of the beam must be large with strong gradients 
in order to give the necessary scattering and nothing is known about this. 


4. — Acceleration of particles in the solar system. 


As mentioned in the beginning of the lecture there are many theories about 
the origin of the cosmic radiation. I understand that Prof. Hovlb will later 
during this course give a talk about this matter. In the following the basic 
ideas of the theory for a «local origin », i.e. within our solar system will be 
given. I he theory which is worked out by AtjPv:6n is, however, quite general 

and can be applied anywhere where we have charged particles moving in 
varying magnetic fields. 

We consider first a charged particle moving in a magnetic field B and its 
motion in a plane perpendicular to i? with particle momentum p 
We have: 


f = 


lAz. 

eB 
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The magnetic flux through the orbit is: 



The particle energy is changed due to the time derivative of 0. Under 
the assumption that the energy change per turn is small the last term can 
be neglected and we write: 


5? 

di 



dB 
dt ’ 


which means an electric field along the circular orbit: 


now 

and together with 

we get: 

and after integration: 

( 1 ) 


JE7 


1 

27tr 


•7tT^ 



r 

2 


d^ 

di 




d-B 

d^ 



^P± P ± . 

dt 2B di 

P^\ + 

= const. 


The particle momentum parallel to the magnetic lines of force is not, 
influenced by the changing field: 

(2) ^ 1 , = const. 

We now assume that particles are moving isotropically in a homogeneous 
magnetic field Bq between two perfectly reflecting planes. The magnetic field 
changes in the following way, Fig. 10. 
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At the time 4 . We consider particles with momentum moving isotro¬ 
pically. That means a distribution of the momentum vectors so' that as an 
average: 

The magnetic field increases during the time To until the magnetic field 
IS B^. According to eqs. (1) and (2) we get: at the time t,: 

f ^>0 

K = ij>o ? 

where Jc==BJBq. 

Now we suppose that in the magnetic field 
there are a number of small-scale disturbances, Fig. 10 . 

irregularities, which scatter particles in all di¬ 
rections. This means a redistribution of the energy or the momentum vector 
so that at the time t^ we have: 



when this distribution is established. The magnetic field decreases back to Bq 
and at the time t^ we have: 


2 (1 , 2;f\ - 
37c (3 3/7 

5 (5 + i 2 ’“ 


9/c ^ 9 ^ 9 ^ 9 / 


9 ^ 9 "^ 97cJ 


where 





If we put 7c==B,/Bo=10, « = 1.6. 

The result of the process is consequently a net gain in energy. In order 
to get a gain it is necessary to assume scattering, so that part of the energy, 
taken from the increasing magnetic field between and % is stored in kinetic 


7 - Rendiconti Sr./.j', - XIX. 
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energy parallel to the magnetic field lines and thus cannot be converted back 
into magnetic energy when the field goes back to B^. If there were no scat¬ 
tering the particle energy would be the same at times ty and looking at 

a = V(5/94-{27c/9)-f-(2/9fc) it is clear that the result is the same wether the 
magnetic field increases from to B^ or decreases from B^ to B^ In the first 
case Tci — BxIBq and in the second case Icz — B^jB^. 

If the process is repeated the momentum will each time increase by the 
factor a and after n times we have by this « magnetic pumping »: 


5. - Discussion of the model. 

The discussion above shows that changing magnetic fields transfer energy 
to charged particles if the scattering conditions are full filled, i.e. the redistri¬ 
bution time is much greater than Tq. If this is not the case the redistribution 
takes place more or less during the change of the magnetic field and the net 
gain becomes smaller. However we shall not discuss this now, but instead 
compare the spectrum which can be deduced from the theory with the empi¬ 
rical cosmic ray spectrum. Both follow a power law (p”), the former with 
1 9'iid the latter with n = — 2.6. A possible way of obtaining the ob¬ 
served value, may according to Alfv^jn, be to assume that particles are acce¬ 
lerated to a spectrum wdth ^^ = ~l and then diffuse from the region of 
injection and acceleration so that at a certain point the density is such as to 
give us the observed spectrum. 

In a following lecture G. G. Falthammar will give more details and 
the mathematical background of the magnetic pumping mechanism. 



Acceleration of Cosmic-Ray Particles by Magnetic Pumping. 


C.-G. Falthammar 
Moyal Institute of Technology - Stoelcholm 


1. - Introduction. 

The idea that the mechanism of acceleration of cosmic rays is of an electro¬ 
magnetic nature was first sxiggested by Swann [1] in 1933, The type of acce¬ 
leration considered by Swann is essentially the same as has later been used in 
the betatron high-energy accelerator and is now generally referred to as betatron 
acceleration. Because the high electrical conductiyity of the cosmical plasma 
precludes electrostatic acceleration mechanisms, all current theories assume 
the interaction of charged particles with magnetic fields to be responsible for 
the acceleration. But there is no general agreement about the details of the 
mechanism (or mechanisms) or about where in space the acceleration takes 
place. In the following we shall analyse one of the acceleration mechanisms 
that have been proposed. 

Alpv.i6n [2, 3] and Ai^fyiSn and Astro m: [4] have proposed a mechanism 
based on betatron acceleration in combination with scattering of the particles 
against small-scale magnetic irregularities. Owing to the combination with 
scattering the betatron acceleration produces a systematic energy increase in 
fluctuating magnetic held even if the average field does not increase. The 
mechanism has become known as «magnetic pumping». It was originally 
applied to a theory of cosmic-ray acceleration in interplanetary space, but it 
may work also in interstellar space, if fluctuating magnetic fields are present [5]. 
(A similar process on laboratory scale has been considered as a possible mech¬ 
anism for heating plasma to the extreme temperature aimed at in thermo¬ 
nuclear research [6, 7].) 

The scattering that plays an important role in the acceleration has also 
the effect of making the particles dilBfuse in space during the acceleration. 
The combined action of these processes may explain not only the acceleration 
of particles to cosmic-ray energies but also the energy (momentum) spectrum 
that characterizes the cosmic radiation observed at the earth. 
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The pumping mechanism is described below, and a differential equation 
for the distribution of particles in space and momentum is derived. The 
equation is solved for particles originating at a point source in the case where 
the acceleration and diffusion are space-independent. From the solution are 
obtained the results of Alfv6n’s theory of the origin of cosmic rays. 


2. - Dynamics of charged particles in magnetic fields. 

The motion of a charged particle in a homogeneous magnetic field is, in 
the absence of other forces, a superposition of a circular motion in the plane 
perpendicular to the field lines and a uniform motion along the field lines. 
The guiding centre is constrained to move along the line of force where it 
was situated initially [8]. 

Consider a particle whose momentum vector jp has the components 
and jp„ perpendicular and parallel to the magnetic field. If the field strength 
changes slowly in the sense that the relative variation during one gyro-period 
is small, the moduli of the momentum components obey the relations 

(1) ^ = const 

JbL 

(2) Pu = const. 

The component p, is invariant and the value of at any particular in¬ 
stant t depends on its value at some earlier instant and the values of S 
at to and t (but not on the values taken by H at times between to and 3f). Thus 
in an increasing magnetic field the component of momentum perpendicular 
to the field (and consequently the total momentum) increases. This is the 
well-known betatron acceleration. 

If, however, in the otherwise homogeneous magnetic field there are local 
irregularities which are not large compared to the radius of gyration, the 
behaviour of the particles is different. During the passage of a particle through 
such an irregularity, eqs. (1) and (2) are not valid. The momentum compo¬ 
nents change in an irregular way, and as a consequence of the change in pj_ 
the guiding centre is displaced to another line of force [8]. The motion along 
the lines of force will keep the particle from coUiding repeatedly with the same 
irregularity and instead make it encounter other irregularities. The collisions 
therefore cause uncorrelated changes in the momentum vector of each par¬ 
ticle and tend to randomize the distribution of momentum direction of a 
group of particles. The displacements of the guiding centre are equally un- 
correlated and make the guiding centre of each individual particle per- 
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form a kind of two-dimensional random walk across tlie lines of force. Tims 
for a group of many particles tke effects of small-scale irregularities in tke mag¬ 
netic field will be: 

1) A tendency towards eqnipartition of momentum among the three 
degrees of freedom. This implies that, on the average, 

(3) p\ = 2p \. 

2) A spatial diffusion of guiding centres across the lines of force (each 
guiding centre performing a random walk). 


3. - Mechanisms for systematic momentum increase. 

In a magnetic field, which fluctuates in time without increasing systemat¬ 
ically, the betatron acceleration alone gives no net momentum increase. But 
if by some mechanism there takes place a redistribution of momentum between 
the different components, the total momentum p can under certain conditions 
increase systematically, even if the fluctuating magnetic field JBT does not. 
This effect is referred to as magnetic pumping. The redistribution of momen¬ 
tum can take place by collisions with small-scale magnetic inhomogeneities as 
discussed above. We shall first consider a special type of field variation in 
order to bring out in a simple way the essential features of the magnetic pumping. 
In this part we shall follow the presentation given in reference [3]. 



Ffg. 1. - Temporal variation of the magnetic field in Alfv4n’s model of magnetic pumping. 


Consider a magnetic field that varies in the manner shown in Big. 1 and 
assume that the isotropic momentum distribution is restored at a rate cha- 
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racterized by the relaxation time Ta, which satisfies the following condition 
(cf. Pig. 1 ): 

(4) gyro-period < ri < Ta <r Tq - 

Consider a set of particles which have at some instant the square momen¬ 
tum pI equally distributed between the three degrees of freedom. In Pig. 1 
are indicated five instants of time during the cycle of field fluctuation. The 
processes taking place in. the corresponding time intervals are the following: 

In the short time interval (<i, 4) the perpendicular component of momentum 
increases in the proportion but no redistribution has time to take place. 
We are left at with an anisotropic momentum distribution with a total 
energy larger than the initial. In the next interval ( 4 , < 3 ) isotropy is restored. 
This means that some of the energy gained during the betatron acceleration 
is poured into the parallel component of momentum, where it will stay intact 
during the subsequent field decrease. The field decrease in the interval (< 3 , 4) 
reduces again the perpendicular momentum in the proportion Jcr-^. But since 
the perpendicular momentum component is less than before the redistri¬ 
bution, the loss of energy during the decrease of field strength is less than the 
gain during the increase. Without further change in energy the distribution 
then becomes again isotropic during the interval fg). Therefore at after 
a full cycle of field fluctuation, the total momentum (pi) is larger than that 
at the beginning (po)* The corresponding quantitative consideration is straight¬ 
forward and is given in Table I. There we find that the resultant momentum 


Table I. — Averave values of the momentum components and the total momentum at various 
instants during one cycle of the magnetic field fluctuation shown in Fig. 1. 
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after one cycle is 


(5) 


Vx = g (3-h 27c + 



h 

Vo = /5po 


The factor ^ is unity when fc is unity, and in all other cases ^ is larger than 
unity. 

After a time long compared to the fluctuation period T, approximately 
tjT cycles have passed, and the momentum has increased to 


( 6 ) 

where 

(V) 


p{t) = == , 

T 

"■ in^ ' 


Thus the momentum of the particles fluctuates, but in the mean it increases 
at a rate given by 


(8) 


d|) _ 
p ~ r 


(For individual particles the acceleration rate will differ from the mean 
acceleration rate given by eq. (8), and this will produce a spread in momentum 
of particles having initially the same momentum. The implication of this 
will not be considered in the present treatment.) 

The special type of field variation assumed above is not essential for the 
mechanism to work. The problem of other types of field fluctuations, espe¬ 
cially sinusoidal fluctuations has been studied by Sohluteui [6 ] (in connexion 
with a laboratory plasma, where interparticle collisions cause the momentum 
redistribution) and independently by Mima?Y and Yarma [9]. Thus, for situa¬ 
tions where the distribution is not too far from isotropic, Schluter has shown 
that 

/9^ 1 _ y WjA2W , - TF..,. )- 

' ' dt 3 m ' 


where Wj, and are the energy contributions of the perpendicular and pa¬ 
rallel motions respectively and y is the collision frequency. The right-hand side 
is always positive except in the equilibrium state, where Wj_ = 2 TYu. Thus 
if we start from an equilibrium state and let the magnetic field vary in an 
arbitrary manner and finally return to its original value, the equilibrium which 
is established after this process has always a higher energy than the initial 
state. 
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In the special case of harmonic field finctnations it has been shown [6, 9] 
that the momentum increases in the average exponentially so that 


( 10 ) 


dp _ di 

Y~~r' 


The time constant t depends on the relative amplitude (A.R)IH and period T 
of the field fluctuation as well as on the relaxation time T 2 for restoration 
of isotropy. SoHLtJTEB, [6] gives the approximate relation 


( 11 ) 


1 (ASy y 

X \ iff j 1+ y^lco^ * 


where co is the angular frequency of the fluctuation. This shows that the max¬ 
imum relative increase of momentum per period of fluctuation occurs when 

(12) y fas CO . 


It is also evident that if the time of redistribution is too small or too large 
in relation to the period of fluctuation, the efficiency of the acceleration is 
decreased. This fact will have a selective efiet resulting in preferential acce¬ 
leration of such particles as have a favourable time of redistribution. 

In the cosmical applications the fluctuations are of course neither of the 
type shown in Fig. 1, nor sinusoidal, but it should still be reasonable to 
expect that in the mean the momentum of the particles increases systematically 
according to a relation of the form 

(13) = ^ 

p T ’ 

where r may be a function of both position and momentum of the particle. 

The analysis given above of the simple type of field variation illustrated 
in Fig. 1 brings out clearly a fundamental requirement for systematic energy 
(or momentum) increase, namely the existence of a « reservoir » in which energy 
is stored. In the processes discussed so far energy was stored as motion pa¬ 
rallel to the magnetic field, but this is not the only possibility. In reference [3] 
is given a detailed discussion of a model in which energy is stored in an adja¬ 
cent space volume, where the magnetic field does not fluctuate. 

Injection. — It was mentioned above that not all charged particles are ac¬ 
celerated. A precise prediction of the selective action of the acceleration would 
require a much more detailed knowledge of the magnetic field in space than 
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is available at present. But, as bas been suggested by [3], it seems 

reasonable to assume that the acceleration will preferentially act on particles 
that have already a relatively high energy. Therefore energetic particles have 
to be «injected ». We shall concentrate on the case where the injection me¬ 
chanism is confined to a small region in space (point-source). 




4. - The distribution function. 

Differential equation for the distribution function. — The combined action 
of acceleration by magnetic pumping and simultaneous diffusion determines 
what hind of spectrum will in a stationary state be observed at any given dis¬ 
tance from the source. To find this spectrum we shall study the distribution 
function /(r, p) of the particles in the space subtended by the components 
of the position vector r of the guiding centre and by the modulus p of the 
momentum. Thus /(r, p)dl^djp is the number of particles with momenta in 
the interval (p, i>4-dp) that have their guiding centres in the volume element 
dy at the point r. The processes affecting the distribution function are: 

1) The acceleration according to eq. (13) causes particles in a volume 
element dF to pass the momentum value p at the rate of 

(14) /•^dF=/|-dF 

particles per second, and so the number of particles in the phase space ele¬ 
ment dpdF changes at the rate 


(15) 


dF 


V 



— (p -f- dp) 



Waj 


dpdF. 


2) The diffusion across the lines of force implies a spatial flow of guiding 
centres. In the general case this flow proceeds at different rates at different 
momenta. For the particles in a momentum interval dp we can represent 
the flow vec^'or by 

(16) i{p) dp = — JD(p, r) grad(/dp) , 

where the gradient is taken in the plane perpendicular to the magnetic field. 
(When only the motion across the lines of force is of a diffusion type, the 
stationary state problem is essentially two-dimensional.) 

In some applications it may be more adequate to assume the motion of 
the guide centres to have the character of a nearly isotropic diffusion in all 
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three directions of space [3]. Then the ordinary three-dimensional gradient 
operator enters into the expression 


(17) i = — D{p, r) grad / 

for the flow vector. 

3) Finally we may include an absorption effect reducing the number 
■of particles in the phase space element at the rate 


(18) 


fjr, p) 

Mr, p) 


dVdp 


The equation for the steady-state distribution function is obtained by 
putting equal to zero the resultant change of the number of particles in any 
phase space region. This implies 

I dF-f Ji> grad/d5 = 0 , 

V S 

where d5 is the element of the surface JS bounding V. Transforming the last 
term to a volume integral and observing that the relation is to be valid for 
any choice of the volume V, we obtain 



( 20 ) 


div (D grad/) — = 0 . 

dp\rj T„ 


Let us assume the injection to occur at a single point source (which we 
locate at the origin), where particles of momentum po are produced at the 
rate JVo s~^. Then the steady-state distribution function is found by solving 
the equation 

(21) aiv(i>grad/)-|g)-i- = 0 
under the condition that 

(22) — = iVo d{r) , when p =2>o- 

ta 

Here d(r) stands for the « Dirac-function» with the properties 

d(r) = 0 ‘ 


/■ 


a(r)dF=l 


inso 


(23) 

and 

( 21 ) 


when r # 0 
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TJie case of sj^ace-indejpendont parameters. - Wlieii the diffusion eoefiftcient J), 
a^cceleration time a.nd absorption time depend only on the momentum p 
a,nd not on the position r of the guiding centre, an exact solution can he found. 
This is 


1(25) 


i = 


a 


exp 




JL{p) 




A 


J P 


Po 


A(p) 


» 

= f ^ 

J rt> 


Ap 

~V 


Vo 


In the case of three-dimensional diffusion mentioned above, v:e obtain instead 


(26) 


o'^ <* 

*T" 


exp 


M. 


a —^iP) 




111 = 


a 9 

V 


Vo 


A 


m-J 


Tb P 


PO 


The results (25) and (26) are still Tery general because the momentum de¬ 
pendence of D, and Tj, has not been specified. 


5. - Alfv6n’s model of the origin of cosmic rays. 

General considerations. - Generation of cosmic rays in interplanetary space 
has been suggested by Eicthmyer and Teller [12 ] and by ALRViiSN [.1.0, 11]. 
Alfviiin [2 , 3, 5] and Alfvi^r and Astr6jm[ 4] have given a detailed theory 
to explain not only the production of cosmic rays bnt also the observed mo¬ 
mentum spectrum. The theory is based on. the processes of magnetic pumping 
and diffusion discussed above. 
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From various indirect evidence it lias been concluded that an interplane¬ 
tary field exists (a review of this has been given by Block [13]), and recently 
this conclusion has been verified by direct space probe measurements [14]. 
The motion of interplanetary matter with such a high conductivity tliat the 
magnetic field is frozen into it [8] should provide both irregularities and tem¬ 
poral fluctuations in the field. Finally an injector exists, namely the sun, 
which is known to produce energetic particles in connection with solar activity. 
Thus the requirements for the processes of pumping and diffusion can be ex¬ 
pected to be satisfied. 

The spectrum: — To obtain a precise expression for the distribution function 
and so the spectrum, one should know the precise expressions for ./>, and Tj,, 
which would in its turn require very detailed knowledge of the interplanetary 
magnetic field. Such knowledge is not available at present, and so it is ne¬ 
cessary to estimate on the basis of present knowledge at least tlie qualitative 
features of D, and Tj,. 

The expressions suggested by Alpvi&n [3] are: 


(27) 

B 

=j>o{^Y 

\PoJ 

(<p = const) 

(28) 


II 

(To, aa= const) 

(29) 


= const. 



For a relativistic particle the velocity is approximately the velocity of 
light independently of p, whereas the Larmor radius q is proportional to p, 
and so the period of gyration is proportional to p. If is the average time 

required for the guiding centre to be displaced by an amount of the order n, 
we have 

(30) 

Now, if ^ is the number of gyro-periods in the time interval t,,, 

(31) ^=11 

the expression (27) for the diffusion coefficient mplies 


(32) 


•O' ^ pr , 
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If the number of turns d- were equal for particles of all momenta, 9 ? should be 
zero. The actual magnitude of 9 ? might be within the limits given by 

— 1 < 99 < 1. 

By introducing the expressions (27)-(29) and the condition 




into the general expression (25), we arrive at Alfv4n’s result 


(33) 


(34) 


exp 

f = const- 


a -|-1 — 99 /pA “+1-9’ To / p Y 

4 .Z>oTo Vp/ _ To \yoj 

/py-v 

\Po) 


f = const 


exp 

4i>oTo\2?; . 




\PoJ 


when a # i) 


when « = 0 . 


The integral of the distribution function over the whole space is 


(36) 

(36) 



const [ To 
const 


when oc^ 0 , 
when a= 0 . 


The spectrum observed at any particular point is found by introducing 
the appropriate value of r into (33) or (34). 

Prom the behaviour of the spectral function (33) at a given distance r from 
the point of injection, we can distinguish between the following three momentum 
regions: 

1) The region of small momenta 


(37) 


p<Px = Vo 


a -f-1 — 99 
2 



1 

a -f 1 — 99 


(38) 


E —Vl>oto‘ 


In this region the particle density decreases extremely rapidly when the mo¬ 
mentum decreases (cf. Pig. 2 ). The reason is that particles are accelerated 
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out of tMs momentum region in a time too short for them to diffuse the dis¬ 
tance r from the injector. The quantity B that enters is, to the order of mag- 



Fig. 2. — Qualitative representation of the theoretically derived momentum spectra 

at different distances from the particle source. 


nitude, the half-width that a distribution of particles attains in the time (to) 
required for e-folding of the initial momentum 

2 ) The region of large momenta 

(39) 2? > . 

Before the particles reach these high momentum values, they spend so long 
time moving through space that the probability of absorption becomes con¬ 
siderable. Consequently the spectrum falls rapidly (exponentially) in this 
region, causing an effective « cut-off* » at (This cut-off has not been 

included in Fig. 2 .) 

3) The middle region Pi<p <Ps. 

In this region we have a power spectrum. 


(40) 


const 

pi—<P 


(corresponding to the straight parts of the curves in Fig. 2 ). We also note 
that it is independent of the exponent oc introduced in eq. (28). This inde¬ 
pendence comes about as follows: when oc is large, the acceleration is slow 
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at Mgh momenta and consequently high momenta are more densely popu¬ 
lated as far as the space-integrated distribution is concerned. This is confirmed 
(35). On the other hand a particle requires a longer time to reach a 
high momentum. During this time it diffuses in space, and so fewer of the 
high-momentum particles remain in the neighbourhood of the injector. The 
two effects cancel exactly so that the value of oc does not influence the spectrum. 

In the interplanetary magnetic field, which must be expected to be far 
from homogeneous, it might be a better approximation to assume the particle 
motion to be of a diffusion character in all three directions of space and not 
only in two. The distribution function (26) would then replace (26). Intro¬ 
ducing the eqs. (27)-(30) we obtain expressions corresponding to (31) and (32). 
Taking and restricting ourself to the middle momentum region where 

the exponentials dont play a role, we arrive once more at a power spectrum,, 
namely 


(41) 



const 


In this case oc ho longer cancels exactly, but its influence is not very great. 


Comparison with the observed spectrum. — In both the two-dimensional and 
the three-dimensional theoretical model a power law spectrum is obtained, 
eqs. (40) and (41). The observed primary cosmic-ray spectrum is also (above 
the low-energy cut-ofl‘) a power spectrum, which is given by 


(42) 


const 

py 


with 2.6 ± 0.2 [16]. In the two-dimensional case, eq. (40), this would 
correspond to 95 = — 0.5. In the three-dimensional case, eq. (41), it would 
correspond to oc^Scp, for example « = 0.3, 9 ? = 0 . 1 . The implications of such 
values of a and (p are discussed in some detail in the paper by AhFvfiN [ 3 ] and 
it is concluded that they are not incompatible with observational data. 

In an interplanetary field with a mean strength of 25 microgauss (which 
is the value found by space probe measurements [14]) the radius of curvature 
of a cosmic ray becomes equal to the dimensions of the planetary system when 
its energy is about lO^^^eV. When the energy is larger than this, the particles, 
travel througli so large regions of space that the assumption of space- 
independent D and is no longer a useful approximation. Instead one 
should solve eq. ( 20 ) with the parameters D and having a suitable spatial 
variation. 

If we use the common estimate of 1 microgauss as the strength of an inter¬ 
stellar magnetic field, we find that particles of the energy 10 ^® eV have radii 



112 


0.-8. riLTHAMMAE 


of crtnrature compilable to interstellar distances. At these high energies it 
is ..necessary to take also other stars into account as sources (injectors). At 
the highest energies the local galactic spiral arm or the whole galaxy might 
play the role of injector, from which cosmic rays diffuse outwards under simul¬ 
taneous acceleration. 
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The Earth’s Radiation Belts and the Aurora. 

E.-A. Brunberg 

The Boyal Institute of Technology - Stoclcholm 


1. - Introduction. 

One of tlie most interesting geophysical discoveries during the last years 
is that of the dense radiation belts around the earth. The discovery vas made 
by Geiger counters in artificial satellites. Sputnik II (November 1967) showed 
that the counting rate increased above 600 km and at 700 km the rate was 
60% above the intensity expected. In the IJ.S.-satellite Explorer I an increase 
in counting rate more than 100 times the expected value was measured and 
the counting rate actually blocked the counters. Professor van Allen in 
1958 interpreted the high counting rate as being due to trapped particles in 
the earth’s magnetic field. Continued satellite registrations have shown that 
there are two radiation belts. Their principal form is given by the first figure. 



8 - Sendieonti SJ.F. - XIX. 



114 


E.-A. BKUNBEItG 


Before we go fxirtlier on w© skall discuss tlie physical aadimathematieal con¬ 
ditions for particles being trapped in a magnetic field. 

In Mg. 2 we bay©: 



Fig. 2, 


V ~ w u and Ml = w „ -h lijL., 


wkere: v = total particle Telocity, 

tv = particle Telocity in the circular orbit with center G. (Guiding 
center), 

M = Telocity of the guiding center, 

M,i = guiding center Telocity parallel to the magnetic field lines, 

WjL = guiding center Telocity in a plane perpendicular to the magnetic 
field lines. 


If we assume that i.e, the Telocity of the guiding center, 0, pa¬ 

rallel to the icy-plane is small compared to the velocity w 



of the particle in its circular orbit, we haTe (Pig. 3): 
K II == u COS 6 , u = 'v sin 6 . 


Fig. 3. The condition foris that gradJB = j 9By9a;, dJBIdy\f 

is small OTer a distance equal to the gyro-radius. The 
particle moTes in a spiral orbit starting with pitch angle d. The magnetic 
moment of a gyrating charged particle in a magnetic field is: 



Ek 
B ’ 
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where: Wj^= particle energy perpendicular to the magnetic field, 

B = magnetic field strength. 

It can be shown that the magnetic moment is approximately constant during 
the motion if the radius of curvature in the magnetic field is very small com¬ 
pared to the distances over which the magnetic field varies. 

We write: 


(mD^j2) sin2 6 

^ ==-const . 

Jt> 

Due to the velocity component m,, the guiding center of the particle moves 
in the ^-direction into a stronger magnetic field. The condition const 
gives the following relation between pitch angles at two different positions 
in the field: 


sin* 6q _sin* 6 

“ 57 ' "" • 

When the particle reaches a region at which d — 7cj2 it cannot proceed fur¬ 
ther and is reflected back towards the starting point. If the magnetic field 
is a dipole field or has a similar shape, particles starting for instance in the 
equatorial region will oscillate between the so called mirror points, where 

6 = 7tl2. 

Superimposed on this motion there is a drift perpendicular to the magnetic 
field lines, which depends on gradJ5 in planes perpendicular to B. 

This drift velocity of the guiding center is given by: 

w 

The drift velocity is pei’pendicular both to the magnetic field lines and to the 
gradient of the field. 

In the equatorial plane of a dipole the drift motion is as in Mg. 4. 

The magnetic field at the « mirroir point» is given by 

™._ , stronger field 

sill— B Q 

We apply this formula to 
charged partic.des moving in the 
earth’s magnetic field and con¬ 
sider particles starting at about 



Fig. 4. 
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6 earth-radii in the equatorial plane. The reason for choosing this radial 
distance is that magnetic field lines, which start in the auroral zones, reach 



= radius of the earth, 


the equatorial plane at approx¬ 
imately 6 earth radii and thus 
particles at this distance probably 
play an important r61e in the 
auroral mechanism. 

The following table gives some 
characteristics of trapped orbits 
in the earth’s dipole field. 


Tq = radial distance of a magnetic field line at the geometric equator, 


X — geomagnetic latitude at whicli a magnetic field line starting at the equator 
reaches the earth, 


== pitch angle of a particle at the equator. 


Table I. 



90 — A 


00 

1.05 

77.4° 

12.6° 

64.0° 

1.10 

72.4° 

17.6° 

55.0° 

1.60 

54.6° 

35.4° 

27.2° 

3.0 

35.2° 

54.8° 

12.3° 

6.0 

24.1° 

65.9° 

2.8° 


Considering the state of affairs in velocity space this means that particles 
starting from the equatorial plane with, velocity vectors pointing within a 
cone with the full apex angle 20^ hit the earth, or more correctly are very likely 
to be absorbed in the earth’s atmosphere. Thus 
there is a « sink » in velocity space for particles 
starting from the equatorial plane. The solid 
angle of this « sink » is determined by Oq (Fig. 6). 

We thus realize that particles, which once 
have been trapped in the earth’s magnetic field 
will not stay there for ever. They are sooner or 
later scattered into the « sink ». The life-time 
of the trapped radiation is determined by the 
scattering mechanism and the atmospheric 
density. The scattering may be caused by 
geomagnetic irregularities in the field and Pig. o. 
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plasma oscillations as well as Coulomb scattering. Although particles are most 
likely to be absorbed near the mirror points, where the air density is highest, 
it is not certain that the scattering region here is the most important one 
along the field line, as has been pointed out by Singer et ah 

The scattering mechanism could also cause a drift of particles perpendicular 
to the magnetic field lines, i.e. a diffusion outwards from the earth as well 
as inwards which also influences the life time of the trapped radiation. Par¬ 
ticles which diffuse into a stronger field are more and more likely to be scat¬ 
tered into a « sink » as the solid angle of the sink increases with decreasing 
distance from the earths. 

2. - Composition of the radiation. 

The following values have been given by Van Allen et al .: 



Heart of inner belt 

ElcctronH > 20koV; 2 • !()• om“* a-* nr-' 
> (500 kcV; 2 *10’ oni-* flr“' 


Heart of outer belt 

Electrons > 20kGV; '-^10’* om~* 8-‘(In)-* 
> 200 koV; < 1C« cm-» (4«)-‘ 

Energy specti'um, Inner edge —— 


Protons > 40 MoV; 2 *10* cm-* s-' <4 j») 
No time changoH detected. 


Outer edge: (Stopper) 

Protons > CO MeV < 10* om-» s-' (4n)-‘ 
Protons > 30 MoV nothing dotoctod. 
Very groat and rapid time variation^. 


Pig. 7. 


3. - Theories for the origin of the radiation. 

3*1. - Albedo particles. Singer has suggested that fast cosmic ray 
albedo neutrons could be a likely source. This suggestion depends upon the 
fact that neutrons, produced in cosmic ray-induced nuclear disintegrations in 
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tlie atmosphere, will move outward through the geomagnetic field without 
deflection and eventually undergo radioactive decay. The decay products of 
a neutron (half life ^12 minutes) are an electron, a proton and a neutrino. 
The kinetic energy of the proton is about the same as that of its parent neutron 
and the electron has a well-known P-decay spectrum with an upper hmit of 
782 keV for a neutron at rest. Yernov et al. have independently suggested the 
same mechanism. They have also pointed out that the magnetic scattering 
would provide a limit on the life time. 

It has also been suggested that the decay of (ji-mesons coming from the 
earth’s atmosphere, as a part of the cosmic ray albedo, could be responsible 
for the electron component in the trapped radiation, or at least for some 
part of the electron component. 

S'2. — Injection of solar 'particles It has been observed that the max¬ 
imum intensity in the outer zone as well as its extension varies with time. 
This suggests a solar origin of the outer zone. Plasma clouds or beams from 
the sun have been suggested as a possible source. These plasma beams may 
be able to penetrate suj0S.oiehtly far enough into the earth’s field and scatter 
a large number of particles of low energies into trapped orbits, primarily in 
the outer belt. We will come back to this later. 

The inner belt seems to he much more stable than the outer belt as re¬ 
gards intensity and position. 

We need a lot more information about the composition of the radiation 
and especially the irregularities of the magnetic field as well as its time depen¬ 
dence, before we can say anything more definite about the type of mechanism, 
which is responsible for the belts, 

3. - The Argus experiment. 

In the autumn of 1958 a geophysical experiment on global scale was 
conducted. Three small atomic bombs were detonated beyond the atmo¬ 
sphere at a location in the South Atlantic. The purpose of the experiment 
was to study the trapping of the electrons, produc.ed by the (3-decay fission 
fragments in the geomagnetic field. The experiment was suggested by 
Cheistoeilos and was called Argus. The experiment was very successful. 
Released electrons were trapped in the field and oscillated along the mag¬ 
netic field lines between mirror points. At the same time the electrons drifted 
eastwards (compare Pig. 4) and created a thin electron shell around the 
earth. The life-time and location of this electron shell were measured by 
satellite- and rocket-borne instruments. Auroral luminiscence was observed at 
those points, which on different positions on the earth were connected with 
a corresponding magnetic field line. The electron shell was remarkably stable 
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during its life-time and no motion of the shell or change in its thickness could 
be detected. 

Since the density of the atmosphere decreases exponentially with altitude 
it is evident that most of the losses should occur near the mirror points, although 
the scattering occurs along the whole field line and may be most important 
near the geomagnetic plane. The mechanism of the outer radiation belt with 
particles leaking into the earth’s atmosphere suggests that series of geophysical 
effects could be explained by the existence of the belts, for instance the.aurora, 
airglow, atmospheric heating and geomagnetic storms. 

Before we go further let me first point out some observational facts about 
the aurora and review some of the most well-known theories. 

Geomagnetic storms and aurora are very closely related to each other. 
Any theory which explains the aurora should also be able to explain the geo¬ 
magnetic storms. 

The main features of the aurora are: 

1) Auroral zones. Aurora occurs in the northern and southern belts of 
auroral zones which are situated about 20°-f-26° from the geomagnetic poles- 
The auroral zones move towards lower latitudes during strong disturbances. 
There is some evidence for a diurnal shift in the latitude of the zone, Carl. 
keim-Gyllenskield 1886. 

2) The lower limit at which aurora occurs is in general around (80 -^-100) km 
height. 

It is now generally accepted that the auroral light is caused by protons 
as well as electrons and that these particles give up their energy by excitation, 
dissociation or ionization of the air atoms and molecules. Spectroscopical 
measurements of the auroral light show that some percent of the light is pro¬ 
duced by protons. 

3) Relationship with solar events. There is good correlation between 
solar activity and strong auroral displays. If there is a solar flare then one 
can expect aurora about one day later on the earth, although the existence 
of flare is not a guarantee for an auroral display. Evidently « something» is 
shot out from the sun which takes about one day to reach the earth and which 
thus has a mean velocity of 10® cm/s. It is not always certain that this « some¬ 
thing » hits the earth or comes near to it. 

The first effort on a large scale to give a scientific explanation of magnetic. 
storms and aurora was made by Birkeland (around 1908). His excellent ter- 
rella experiments gave a great amount of valuable experience. They also in¬ 
spired Stcrmer to his great pioneering work on charged particle orbits in 
magnetic dipole fields, the result which is now of great importance, not only 
in auroral theories but even more in cosmic-ray work. 
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4. - The Stormer theory. 

The basis for this theory is the Birkeland terrella experiment. In a big 
glass chamber, which was evacuated as well as possible at that time, a mag¬ 
netic steel sphere (terrella) was placed. Between a cathode and the sphere a 
discharge was started which produced a luminous, ring-shaped pattern around 
the magnetic poles of the terrella. Birkeland and Stormer interpreted the 
experiment in the following way. The cathode emits electrons, which under 
the influence of the magnetic field move in complicated orbits. Stormeb. 
was later able to show that electrons, which start from a source near the 
equatorial plane of the terrella, should hit its surface in circular regions 
around the poles. These results were applied to nature and Stormbr assumed 
that the sun emitted beams of electrons, which hit the earth at the auroral 
zones and caused the auroral light in the upper atmosphere. 

There are, however, several objections to this theory. 

1) Electrons penetrating not deeper into the atmosphere than to a height 
of (80-i-100) km, under which aurora is not observed, have energies only of the 
order of (10*~^10*) eV, whereas orbit calculations show that an energy of 10® eV 
is needed for particles, which reach the auroral zones at about 22® from the 
poles. The actual electrons of energies (10*^10®) eV cannot penetrate the earth’s 
field and reach the earth more than one or two degrees from the poles. This 
led Stobmeb to postulate the existence of a ring current around the earth which 
could modify the particle motion. 

2) It has been pointed out that a stream of charged particles of only 
one sign, strong enough to explain the terrestrial disturbances, would have an 
enormous space-charge and thus cannot exist. 

3) The interplanetary magnetic field will deflect the electron stream. 


5. - The Chapman-Ferraro theory. 

This theory does not primarily explain the aurora but is of importance 
for later auroral theories. 

The basic idea of the theory is that a stream of particles is ejected from the 
sun and that there is an equal number of electrons and singly charged positive 
ions in the beam, which thus is neutral. All particles are moving with the 
sarne velocity towards the earth. There are no electric or magnetic fields in 
space before the beam approaches the earth. 

When the stream advances towards the earth it is influenced by the ter¬ 
restrial magnetic field. If we consider the front of the stream to be plane and 
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infinite, tlie current system induced in this front by the motion into the field 
can he calculated. These currents mofidy the magnetic field, and through 
interactions between field and currents the stream is distorted. The modifi¬ 
cation of the earth’s magnetic field, due to currents in the front of the stream 
are suggested by Chapman and Ferraro to explain the initial phase of a 
magnetic storm. The theory has later been extended by Martyn to include 
also the aurora which always accompany magnetic storms. 


6. - The Alfv6n theory. 

The basic idea of this theory is that the solar beam of ionized particles 
carries a magnetic field with it. Due to the high degree of ionization in the 
beam and consequently the good conductivity, a magnetic field which is 
enveloped in the plasma stream cannot escape, it is a « frozen in » field. 

Let us see what happens in general when a plasma stream moves in space. 

In the first case the beam moves with the velocity in a magnetic field B. 


0 B 



In the sun-earth system S: 
Magnetic field: 


Electric field: iGJ* 


In the moving system B''. 


B[. 












[JEJg U'B^ , 


as <? 


Vi— 

thus By' By , 

u-B^ 


1 ; 


The polarization field JS' makes positive charges accumulate on one side of 
the moving conductor and negative charges on the other side until the electric 
field from these charges neutralizes and we have: JS?* — wBy. 
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Thus seen from the sun earth-system S the electric field is: 


Eg fisi — uBv 


or, as can he shown, more generally: 

E = — u xJB . 


In the second case we hare a magnetic field B' « frozen into » the slab (S')f 
which. moYes with the velocity it. 



■ Earth 


Belativistic transformation to the earth-sun system JS 
gives: 

E = 1= (E'— u xB') E'— u xB' . 

Vl—^2 

As E' — 0, the electric field measured by an ob¬ 
server at rest in the system is 

B —■ u xB' — u x B , 

which is the same as in the first case although now the 
magnetic field is moving relative to the observer. 

Fig. 86 shows the situation: 

The particles in the beam have low energies and 


move in trocoidal orbits. The electric field E is of the 
order of 10-AV/m, which impHes a magnetic field in the beam of the order of: 


^ E 10-3 ^ 

It can be shown that the motion of the electrons of the beam in the com¬ 
bined electric field (E) and magnetic dipole field of the earth is as in Fig. 9. 

There is a forbidden region at about (5-^6) earth radii from the earth. The 
positive ions, however, which are supposed to have a lower temperature than 
the electrons, are not deflected in the same way and try to pass into the for¬ 
bidden region. Jnst inside the border facing the sun we thus get a positive 
space charge. On the night-side border the electrons are uncompensated by 
^ c positive ions which do not reach this region and a negative space charge 
is set up. n one assumes that the only way these two regions of space charge 
can neutralize each other is by a discharge along the magnetic field lines of 
torce over the polar cap, this can account for the polar disturbance and the 
urora ig. 10). The physics and the mathematical treatment of the theory 
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lias been investigated with model experiments by Malmfors and Block. 
These investigations support the theory. However, the whole theory is not 
proved until a convincing comparison between the different auroral phe- 



Fig. 9. 


nomena in nature and in the terrella experiments have been made. This 
work is in progress using the results of auroral observations obtained during 
the geophysical year. 



Fig. 10. 
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Let US now return to tlie radiation belts and the possibility of using them 
in explaining the aurora. 

It has been suggested that the magnetic dipole field which constitutes a 
magnetic bottle for the electrons in the outer radiation belt is « squeezed » by 
plasma streams coming in a beam or a plasma cloud from the sun, or more 
correctly, electrons are scattered by magnetic disturbances and are lost in the 
atmosphere producing auroral light. 

By considering the luminosity of aurorae the electron flux down into the 
atmosphere has been estimated to between electrons/cm^ s where 

the last value corresponds to a strong aurora. 

Using van Allen’s data the electron density of the outer zone is about 
10 electrons/cm® and altogether there are ^10®* electrons in the outer belt. 

As the auroral zone is «^^1000km wide its surface is: 

Tt-6.4-108-sin23°• 108 = iqi? cm^ . 

With an electron flux of 10^^ electrons/cm^ s this means a total electron 
flux of 10^8 electrons/s and consequently the magnetic bottle is emptied in a 
time of the order of 10 s. 

This means that particles must be fed into the outer belt continuously during 
the auroral display. But as it is most probable that particles in a beam ge¬ 
nerally have low energies corresponding to the temperature of the outer parts 
of the sun, from where they are shot out, these particles must be accelerated 
up to 10^ eV in order to account for the aurora. Such a gain in energy can 
be understood from the Alfven electric field model for the aurora. 

Space research with rockets and satellites has now opened new possibilities 
to measure such things as magnetic field strength, particle density and energy 
distribution of particles far away from the earth. 

One important investigation would be to measure the change of the earth’s 
magnetic field in the ionosphere and along the magnetic lines of force where 
currents flow during aurora according to the Alfv6n theory. Another inte¬ 
resting task is to take pictures from a satellite of the whole auroral zones during 
auroral displays, thus making it possible to see their whole extension and if 
there is a daily variation in position as predicted by the theory. 

It is, indeed, a very fascinating time for those working in geophysics and 
cosmical physics. During decades theories have been put forward, based on 
measurements carried out on the earth and thus giving very uncertain, indirect 
information about conditions in space. Tor the same reason it has been dif¬ 
ficult to reject a theory with 100% certainty and the physicists have died 
happy and convinced that their theories are right. This state of affairs is 
soon over—as regards many problems in our neighbourhood in space—but 
there are without doubt problems enough beyond our solar system and our 
galaxy that scientists might argue about until the end of mankind. 



Mechanisms of V.L.P. emission. 

R. E. Gendrin 

d'Aeronomie de VObservatoire de Meudon, Meudon {S. et 0.) 


1. - Introduction. 

Since the whistlers were discovered and studied on a large extent, radiation 
of very-low-frequency electromagnetic noise has been also recorded. This noise 
cannot be produced by the same mechanism (strokes) which generates the 
whistlers. A large and difficult, experimental and theoretical work has been 
achieved on this subject. We will briefly report on this work, paying more 
attention to the t-erenkov effect produced by extra-terrestrial particles in the 
exosphere, in this frequency range (0.5 to 20 kHz). 

2. - Previous work. 

2*1. Experimental refiulU\ - Noise recorded in this frequency range may be 
classified in two species. 

First, the broad-band noise whose mean frequency and band-width are 

L ' .' .' .■.. ./ 



Fig. 1 . - Hiss with a higli-fi'eqiieiu-.y cut-of! near 5 kHz. After G-allet [7J. 


more or less constant in time for a given place [1-4]; one of these frequencies 
is nearly 750 Hz, and has been attributed to the gyrofrequenoy emission of 
protons [5, 6] (Fig. 1 and 2). 
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Pig. 3. - Samples of. discrete emissioas. After G-allet [7]. 
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sions.) They have received suggestive names such as rising, falling tones, 
pseudo-nose whistlers, hooks and so an [7, 8] (Fig. 3 and 4). 

The two kinds are mainly, but not exclusively, observed in high-latitude 


regions (60° to 65°), and are strongly cor¬ 
related with magnetic disturbances [9-11], 
aurorae and even oxygen red lines air- 
glow [10, 12, 26]. 


Fig. 4. - Theoretical curves computed for 
the travelling wave mechanism. As the par¬ 
ticle enters the ionosphere, fUfs is no more 
constant and the emitted frequency increa¬ 
ses very rapidly. After G-aleet [7]. 



2*2. Theoretical explanations. - These emissions are undoubtedly produced 
by some interaction between particles of low energy (V — (3 000 to 1000) km/s) 
with the exospheric medium. Once this emission has taken place, the electro¬ 
magnetic waves are propagated with the whistler mode. It is known that this 
mode corresponds to large time-delay and great dispersion, but also to very 
well-defined ray-paths along the magnetic lines of force. Then from the know¬ 
ledge of the whistler propagation, and from experimental frequency-time curves, 
one may expect to obtain results about energy and flux of the incoming par¬ 
ticles, provided the actual mechanism of interaction is known. 

2*3. ^Processes related with the particle acceleration. — Energy is radiated by 
a charged particle when it is accelerated. Apart from the « bremsstrahlung »■ 
which is negligible in this range of energy and frequency, we may expect a 
cyclotron or a synchrotron radiation. 

Cyclotron radiation of protons has been proposed to explain the noise in 
the 750 Hz band, and even some discrete emissions [13-15]. One assumes that 
protons radiate at their gyrofrequency /i, but that, due to the Doppler shift, 
the frequency which is in fact emitted is given by 


/ = /i/(l — /5?^) , 

where p =- Vjc and n is the phase refraction index for the emitted frequency f. 
Due to tlie great value of n, one obtains, even for low-velocity particles, a 
frequency / which is so large that—at least in numerical application, and except 
in the lower ionosphere—it has no more relation with the gyrofrequency 
which could have been replaced by everything. 

Cyclotron radiation of electrons would be more efficient, the radiated power 
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Ibeing inversely proportional to tlie mass. But the frequency produced would 
he the electronic gyrofrequeney and this frequency cannot be propagated 
in the whistler mode. But relativistic electrons can radiate at a much lower 
frequency 

( 1 ) / = 

and at some harmonics which can be propagated. W^e have a synchrotron 
radiation which may be involded only in rare events (the minimum energy 
required is of the order of 0.5 to 1 MeV), but which can give a detectable 
power [16]. 

W^e will not discuss the detail of these mechanisms but we will recall that 
due to the large refraction index, these kinds of emissions are greatly affected 
by Doppler shift, as it has been already shown. Moreover, we need a theory 
of emission by accelerated particles in a highly anisotrophic medium [17, 18]; 
we do not have such a theory in the whistler case. 

2 4. Ptog6ss6s TdlcLted witJv- the pavticle 'velocity. — There is another kind of 
emission, which is not related with some acceleration process, but which occurs 
when the velocity of the particle is greater than, or equal to the phase velo¬ 
city of the electromagnetic wave. 

The later case is similar to the travelling wave amplification mechanism, 
and was first suggested by Gallet [7, 19]. Writing that the particle velo¬ 
city V (which is assumed to be parallel to the magnetic field) is equal to the 
phase velocity of the wave (which is a function of the frequency (■*)), Gal- 
let obtains an equation de fining the emitted frequency. With some reali¬ 
stic assumptions, this equation possesses two roots. One of them is nearly 

equal to the gyrofrequeney and cannot be propagated. The second one is 
given by 

( 2 ) f = , 

where fo is the plasma frequency. 

Assuming that V and are constant (the later assumption is nearly 
verified between 1500 km and 16 000 km) the emitted frequency is constant, 
and this mechanism may account for some discrete emissions (see Fig. 4). 
If a plausible value for the ratio /o//^ (~ 4 MHz) is introduced, one can de¬ 
duce from the observed frequency (<-*-' 6 kHz) a value of ^ and thus of the velo¬ 
city V (^10 000 km/s). 


(■*) He considers only the strictly longitudinal case. 
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A more complete theory of the travelling-'W'ave amplification in the exo¬ 
sphere has been developed by Bbioe [20]. 


3. - Cerenkov effect in the whistler mode. 

The more general case V > is that of the Cerenkov effect. That this 
■was a possible mechanism of V.Li.F. emission was first suggested by Ellis [21]. 
He computed the power which was to be expected from this process and found 
that, with reasonable assumptios, it could be detected. It is of interest to 
give some details on this effect, because it seems able to explain a great part 
of the broad-band noise. It is possible to give a simple ray theory when the 
velocity of the particle is parallel to the magnetic held. 

3‘1. Equations. — Cerenkov effect generates a frequency f in the direction 6 


when 

6) = V cos d 

or 


(3) 

^n(f, 6) cos 0 = 1 


The refraction index n will be given for convenience in dimensionless 
units (*) 

a® a® 

^ £c(cos 0 — a?) ^ £»(cos d — so)' 

where 

a == /o//jr is characteristic of the medium, 

^ = fits characteristic of the emitted frequency. 

Substitution from (4) into (3) gives: 

(5) cos® 6 — sc cos 0 -f- a?® == 0 

which shows that, for a given angle, we obtain two emitted frequencies, and 
that a given frequency is emitted in two different directions. 

One can discuss the existence of the roots of such an equation but it is 
better to draw a geometrical picture of the phenomena. 


C) We assume that — 5 t/ 2 < 0 < -f jr/2. Otherwise, another formula would hold, 
hut the results would be the same. 

9 - Rendiconti - XIX. 
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3 ' 2 . Geometrical considerations. - We define the ■velocity curve cp^. as the 
locus of the points of polar co-ordinates and 0 ; and the phase index curve 
as the locus of the points of polar co-ordinates n^ 6. (The curves being sym¬ 
metrical -with respect to the magnetic field, only che case 0 > 0 will be consi¬ 
dered.) This is drawn on Fig. 5. The angle 6 o is defined by 
% 

cos $0 = X . 

For greater values of 6, there is no propagation (see eq. (4)). 

Assuming that we have a particle of velocity V directed along the magnetic 

field, emission angles 0 , for the fre¬ 
quency f — OGf^f are given by the 
intersection of the circle of diame¬ 
ter OV and of the curve gpa,. 

When V is too small {V — Fi), 
we obtain but one angle, which is 
not very different from 0o- This an¬ 
gle does not provide a physical solu¬ 
tion because the effect of the col¬ 
lisions, which has been neglected, 
modifies the curve 9 ?® in the region 
involved. The guiding is poor and 
the absorption is strong. 

When IO FI — I OA \ , one angle is 
zero and we obtain the mechanism proposed by Gallet. 

If F is too great (F=F 2 for example), there is no emission at all. This 
is different from what happens in the usual Cerenkov effect. For too great 
values of the particle velocity, there is no emission. 

If F=Fo, the two angles join together and the circle is tangential to the 
9 ?* curve. But the striking feat'are is that the value F© does not depend on the 
frequency. In other words, all curves are tangential to the same circle of 
diameter | O F© |. The value of Fq is 

(6) F) = cj^a — cfj^l2ifQ. 



Fig. 5. - Cerenkov effect in an anisotro¬ 
pic medium. Z axis is the direction of the 
magnetic field and of the particle’s velocity. 
Four different cases are possible; see text. 


This is due to the particular form of the eq. ( 4 ) [22]. 

Now we must recall some properties of the ray geometry in an anisotropic 
medium. If OMF is the wave normal direction (Fig. 6 ), it is known that the 
ray is propagated along the direction OT (perpendicular to the tangent PX')f 
and that the ray velocity TF is such that its projection on the wave normal 
is equal to the group velocity Vg. 

Now, if all the 99 ® curves are tangential to a circle, all the Fg. curves are 
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tangential to a straight line perpendicular to the Z axis. This is related 
to the fact that the product \OM\-\OJP\ is a constant equal to c. Thus, 
all the frequencies emitted by Cerenkov 
effect when V=Vo are propagated exactly 
along the magnetic field. Moreover, at the 
tangential point of the J** curves with 
their envelope 

dnjdx = 0 

so that 

(7) 

and the velocity W of the ray is equal 
to Fo, that is to say, to the velocityof the 
particle. This is true for all frequencies, 
and thus we have the following property: 

All frequencies emitted from a particle 
of velocity Vq by (jerenlcov effect, are pro¬ 
pagated in the same direction and with the 
same velocity [23, 24]. 

3’3. Application. - It is obvious that this must give a strong signal, be¬ 
cause one receives, at the same time, all the power emitted in all frequencies. 
When there is a continuous flux of particles, one receives a continuous bi’oad- 
hand noise. 

There is a high-frequency cut-off, due to the fact that the angle 0i (see 
Fig. 5) is given by 

(8) cos Ox “ 2.CI? 

and thus the allowed frequency range of emission when V == Fo is reduced to 



Pig. 6. - Direction and velocity W 
of the ray in an anisotropic medium. 

and (pa, are the curves of index 
and of phase velocity at a given 
frequency f = and at different 

ft*! ia, 


(9) 


0< / < fJ2 . 


Such broad-band noise with sharp high-frequency cut-off near 6 kHz are 
often recorded (see Fig. 1). If the mechanism we described is the correct one, 
the gyrofrequency at the point of emission ought to be 10 kHz. Taking 
the same value for as before (4 MHz), the plasma frequency in the inter¬ 
action region ought to be 200 kHz, and the velocity F, as given by (6), ought 
to be of the order of 8 000 km/s. 
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3 ‘4. Emitted power. - If tlie usual formula is valid in this case, the energy 
di^E lost by a particle during a path of length 6.1 in a bandwith 6f is given by 


( 10 ) 


dajs; ( 1 \ 


where e is the charge of the particle, Sq the electric permittivity of vacuum. 
If we consider a cloud of particles of length I, of cross-section S, and of den¬ 
sity JST, the flux of power by unit bandwidth will be 


( 11 ) 


if \ 2.’ 


1 being the wavelength in vacuo [21]. In 3MKSA we have 

60l6f = 5.0S ’ 10-^^ {1—II^^n^)VmiX W-m-a-(Hz)-i. 

Because of the perfect guiding when V=Vo, this flux is (in an ideal case) 
the flux which may be received at the earth. Moreover /9 = l/2a, and the 
eqs. (4) and (8) give n = afx so that 


which is independent of the plasma frequency. The value of x being between 
zero and one half, we do not encounter the difficulties, appearing in other 
media, the coefficient (1 — being always positive in our case. 

If we assume that the length of interaction is 2 000 km, and that the den¬ 
sity is about 10 e/cm®, we obtain for a frequency / = 5 kHz, and a velocity 
1 ^ 10 000 km/s, the following flux 

10-19 W-m-®* (Hz )-i. 

which is detectable, but somewhat lower than often observed (see concluding 
remarks). 

3 6. Limits of the theory. - This theory of Cerenkov mechanism is of course, 
very rough. !For example, we have not found any explanation of the fact 
that the high frequency cut-off seems to be greater at high latitude [25, 26]. 

We have assumed an homogeneous medium, and the question arises of 
what would become the theory in an actual exosphere. But it is valid for 
laboratory plasmas and may have some application in this field. 

But, over all, a wave theory must be made, with the complete set of Max- 
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well’s equations, as it has been already done for the ordinary waves generated 
by Cerenkov effect in a plasma [27]. 


4. - Conclusion. 

As a conclusion, we can say that, if, theoretically, one can deduce from 
the noise recorded in low-frequency range, some data about the particles pro¬ 
ducing it, the method is, in some manner, very difl0.cult. Experimental diflfi- 
culties prevent us from having the actual line of force followed by the particle 
and the wave, the polarization and a good resolution time. 

There are still some theoretical problems such as the general laws of emis¬ 
sion of a charged particle in a highly anisotropic and dispersive medium. It 
seems probable that such a theory would mix together acceleration and velo¬ 
city processes, and give a coherent picture of a great part of V.Xi.F. emission, 
when considering the actual velocity of particles, which is not strictly parallel 
or strictly perpendicular to the field. Also, important is the fact that when 
these emissions are produced by particles bunched closely (on distance much 
smaller than the wave length in the medium) there must be some coherence 
and the power emitted must be enhanced [28, 29]. 

It is also remarkable that all the suggested mechanisms—except the syn¬ 
chrotron radiation—^involve particles whose velocities are always near to the 
value 10 000 km/s and thus we must have an explanation of the origin of such 
particles. 
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Problem! galattici. 


The Primary Cosmic Radiation. 

C. J. Waddington (•) 

H. H. Wills Physical Laboratory, University of Bristol - Bristol 


1. - Introduction. 

The primary cosmic radiation, may be defined as being a corpuscular radia¬ 
tion of high-energy which impinges on the earth’s atmosphere, provided the 
term high energy is assumed to imply energies appreciably above conceivable 
thermal energies. This definition is convenient experimentally, but could be 
seriously misleading unless the importance of perturbations introduced by solar 
and terrestrial magnetic fields are taken into account. It is readily demon¬ 
strated that cosmic ray activity observed on or near the earth is closely related 
to solar phenomena such as flares or the sunspot cycle, but it is generally be¬ 
lieved that, except during certain special and rather well defined periods, the 
majority of the primary particles do not originate in the sun (see Section 8). 
Consequently any discussion of the origin or propagation of these particles 
presupposes a knowledge of tlie properties of the radiation before it experiences 
any solar or terrestrial influences. The properties of the « galactic » ((*) **) radia¬ 
tion must therefore be inferred from those of the primary radiation, and in 
some cases this can lead to serious uncertainties, particularly since much of 
the most experimentally-reliable data presently available were obtained during 
the recent period of high solar activity. 

This definition of the primary radiation as being corpuscular in nature 
excludes any possible high-energy y-rays, even though such quanta could well 
be produced by the cosmic radiation passing through interstellar matter. The 
study of these quanta forms the separate and exciting new discipline of y-ray 
astronomy. 


(*) Present aciclress: School of Physics, University of Minnesota, Minneapolis, Minn. 

(**) Here the term « galactic » is not intended to exclude any extra-galactio radiation 
from consideration. 

t 
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Any theory or discussion of the origin of these energetic particles must 
be related to experimental data about the galactic radiation. The most im¬ 
portant of these data are: 

i) The charge distribution. 

ii) The energy or rigidity distribution. 

iii) The spatial distribution. 

These first two are, of course, interdependent, since strictly the charge 
distribution can only be specified for particles at or above a given energy or 
rigidity. 

Current knowledge regarding these distributions will be summarized in this 
article, together with an introduction to the significance of these results to 
theories of the origin of the cosmic radiation. In addition there is some dis¬ 
cussion of the future experiments which should be undertaken into specific 
points of uncertainty. 


2. - The chemical distribution. 

2.1. Uxperimentdl techniques. ~ The two principal particle detectors which 
have been used to study the detailed features of the primary radiation are; 

a) The combination Cerenkov-scintillator (0-S) array developed by 
McDonald [1], 

h) Nuclear photographic emulsions. 

The main features of the C-S array are shown in Pig. 1, while Pig. 2 shows 
the responses of the two counters plotted as a function of particle velocity 
expressed as a fraction of the velocity of light, In both oases the outputs 
vary as the square of the nuclear charge, Z. The 0-S array has proved of 
great value in studying the hydrogen and helium nuclei in the primary ra¬ 
diation, but due partly to saturation problems and partly to the small geo¬ 
metrical collection factor it has not yet been systematically applied to inves¬ 
tigations of heavier nuclei. 

Emulsions, on the other hand, have been used mainly to study primary 
nuclei heavier than hydrogen, although recently hydrogen nuclei have also 
been the subject of experiments in these detectors (Waddington [3]). Since 
much of the uncertainty in our knowledge of the abundances of the heavy 
nuclei is due to the limitations of emulsions as a particle detector, it is worth 
considering these limitations in slightly more detail. 
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PhotomicrographLS of tlie tracks produced Iby fast — 1) nuclei of differ¬ 
ent Z in emulsions having differing levels of development are shown in Plate I. 
At 1 the ionisation produced, J, is proportional to Z^. However, as can 
he seen, the cores of the tracks produced in the emulsion rapidly saturate 



fJMeV) 







Fig. 2. - C-S array output as a function 
of the velocity and energy, of a 
proton. Oerenkoroounter output Iq, 
scintillator counter output J,. (After 
McDonald and Webber [2]). 


Fig. 


with increasing Z, and a deter¬ 
mination of I generally involves a 
measurement of the S-ray density. 
As is well known, the measurement 
of these densities is subjective if 
made by an observer, and sensitive 
to background effect if determined 
by densitometer techniques. Fur¬ 
thermore, for high Z values (jZ^> 10) 
the percentage differences in I between individual charges,(200/%, are 
small. Consequently charge discrimination, which demands measurements 
which are at least three times as precise as these percentage differences, i.e. 
i:(70/jZ')%, has seldom, if ever, been obtained for .^'>10, although the results 
reported by Kristiansson et al. [4] suggest that very painstaking densito¬ 
meter techniques may be able to reach near to this limit. 


1. - Outline drawing of McDonald’s C-S 
aixay (after McDonald [1]). 


2'2. Magnetic rigidity. ~ Because the motion of cosmic ray particles appears 
to be governed by magnetic fields it is found that although the energy or mo- 
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mentum of a particle is tlie quantity usually measured experimentally, it is 
often of more fundamental interest to consider its magnetic rigidity, B. This 
quantity B is defined in the relation for the radius of curvature, r, of a charged 
particle moving in a magnetic field, of: 


' ^ 300 HxZ 300 \ Z 300 ifj. ’ 

when B is expressed in GV; p, the momentum, or the momentum per nu¬ 
cleon, in eV/cj the magnetic field perpendicular to the line of flight of 
the particle, in gauss; and Z, the atomic number, in quits of the electron 



Pig. 3. — The variation of rigidity, in GV, 
with kinetic energy or energy per nucleon. 
Curves are shown for electrons, protons 
and nuclei having A = 2Z, while specific 
values are given for ®He and ’Li nuclei, 
as examples of nuclei with ^. 7 ^ 22 ^. 


charge. Fig. 3 shows B plotted against 
energy for electrons and protons, and 
against energy per nucleon for nuclei 



rigidity GV 

Pig. "4. — The variation of rigidity, in GV, 
with radius of curvatui-e, in cm, for various 
values of the perpendicular magnetic field 
JTj^, in gauss. 


having A = ‘2Z^ while Fig. 4 shows B plotted against r for various values of S. 

The effect of the geomagnetic field at any one location and looking in any 
particular direction is to remove all those particles which have B less than 
some minimum value, the threshold rigidity. As a result measurements made 
at any point under the geomagnetic field can only result in the detection of 
galactic particles whose rigidity exceeds the threshold value appropriate to 
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that place. These threshold rigidities vary, for vertically incident particles, 
between about 16 GV near the equator, to zero at the magnetic poles. 

2’3. Solar modulation. — Because it is often necessary to compare experi¬ 
mental results determined at different times and under different conditions of 
solar activity it is most important to have some way of estimating the mag¬ 
nitudes of solar-induced variations. ISTeutron monitors provide a continuous 
and sensitive record of the cosmic ray activity at sea level, and these data may 
often, though not always, be correlated with effects, such as intensity changes, 
observed above the atmosphere. In this paper the data from the Ottawa 
neutron monitor have been used as a measure of the cosmic ray activity, partly 
because this is a station at a relatively high geomagnetic latitude which has 
been operating since 1955, and 
partly simply because of the 
availability of the data (*). 

The results are expressed 
in the natural logarithm form 
introduced by Wad a [5] where 

( 2 ) W^ = hiiNJ1000)~W*-, 

w;j==1500 and N^, is the daily 
mean bi-hourly counting rate. 

is expressed in units of 0.1%. 

Fig. 5 shows the mean monthly 
values of since 1955, from 
which it can be seen that as a 
first approximation the activity 
can be regarded as two-valued. Before 1957, solar «minimum », had an average 
value of ^330, while from 1957 onwards, solar «maximum», 1^^200. It 
would seem probable, from the characteristically rapid increase in solar activity, 
compared with the slow decrease which was observed during previous solar 
cycles, that it will not be possible to make such a clear distinction between 
solar maximum and the next period of solar minimum. However, it should 
be noticed that the correlation between the solar activity, as measured by the 
Zurich sunspot number, and the cosmic ray activity is not complete, and these 
modulation effects may show some kind of threshold. 



Fig. 5. - The mean monthly values of from 
the Ottawa neutron monitor since the hegirming 

of 1955. 


(*) The assistance of Dr. D. C. Rose in obtaining these data is acknowledged with 
gratitude. 
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8. - The chemical distribution at B > 4.5 GV. 

At present the best data available on the chemical distribution are those 
obtained for particles having a rigidity greater than about 4.5 GV. Since only some 
10 % of these particles have it! > 22 GV, these data essentially refer to the 
chemical distribution of particles having rigidities between these two values. 
At a rigidity of ~ 4.6 GV all the primary particles have energies so great 
that ^^1 and thus I is proportional to Z^, which produces a considerable 
simplification of the experimental problems of charge identification. At the 
same time this rigidity is not so high that it is unduly difficult to obtain results 
of reasonable statistical weight. 

A geomagnetic vertical threshold rigidity of 4.5 GV is observed along 
an «isocosm » (*) which passes through Texas and Northern Italy, and it is 
mainly at these places that the experiments considered in the following sections 
have been performed. 

3‘1. Hydrogen nuclei. - Both numerically and energetically these nuclei 
represent the most important single component of the primary radiation, 
That they are predominantly protons, rather than deuterons or tritons, is 
shown by the failure to observe any appreciable intensity of nonrelativistic singly 
charged particles at threshold rigidities where such multiply charged nuclei 
are observed. Nevertheless, for various experimental reasons the available in¬ 
formation about these nuclei is somewhat less detailed and precise than that 
on the rarer heavier nuclei. 

a) At this rigidity, these nuclei produce minimum ionization. Conse¬ 
quently (see Plate I) they are not readily detected in nuclear emulsions unless 
they produce some secondary effect, such as a nuclear interaction. 

h) Unless the measurements are made on space probes far removed from 
the earth, which has not yet been done, these nuclei have to be distinguished 
from amongst a relatively copious background of albedo and other secondary 
particles which also produce minimum ionization. - In general this imposes the 
necessity of at least determining the direction of flight of each particle. 

c) There is also a re-entrant albedo of downward moving particles, pre¬ 
sumably mainly electrons, with rigidities below the threshold value, which 
must either be discriminated against or corrected for. 


(•) A line on the earth’s surface along which the vertical threshold rigidity is 
constant. 
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For these reasons, until recently the only data on the intensities of these 
particles which were apparently reliable were those provided by the C-S array, 
McDonald [1], McDonald and Wbbbeb [2]. Even these results were uncertain 
in so far as they depended on an extrapolation to the top of the atmosphere 



Plate I. - Photomicrographs of the tracks produced in Ilford CIS emulsion by fast, 
PH 1, nuclei. In each pair, the track on the left was detected in a severely under¬ 
developed emulsion, while that on the right was in a rather heavily developed emulsion. 
In spite of the greater background on the right-hand prints, they were actually flown 

for less than half the time of the others. 
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and an estimate of the—^relatively small—correction for the re-entrant alhedo^ 
Eecent measurements in nuclear emulsiouj ^^admngton ([^3] and unpub¬ 
lished), confirm the validity of the C-S measurements at these rigidities and 
show that Tdo serious errorsjcan have been introduced by any of the assumptions on 



Plate I. - Photomiorogi-aphs of the tracks produced in Ilford G5 emulsion by fast,, 
^ 1, nuclei. In each pair, the track on the left was detected in a severely under¬ 

developed emulsion, while that on the right was in a rather heavily developed emulsion.. 
In spite of the greater background on the right-hand prints, they were actually flown. 

for less than half the time of the others. 
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corrections made. No such check, however, exists for the 0-S measurements made 
at lower rigidities, nor were any measurements made priorJto 1955. Fig. & 
shows the intensity values found by the 0-S array and emulsion'at a threshold 



U 1-1-1_-1-1- \ _1_I_ L_. I \ I 1_, I 

200 250 300 350 


neutron counts Wp 

Fig. 6. ~ The proton intensities determined with the f'-S array, O, and with emulsions, 

JC with i2 > 4.5 GV, as a function of 


rigidity of 4.5 GV, plotted against the TV® values appropriate to the day of 
each experiment. The agreement between the 0-S and emulsion determinations 
is reasonable, particularly when the considerable extrapolations involved in 
the first emulsion determination, that made during solar minimum at a high TV®, 
is taken into account. From these results the best value for the intensity at solar 
minimum, J*(0), is (610 i 30) protons/m®-sr-s while that at solar maximum, 
c^,(0), is (515 ± 25) protons/ma-sr-s. This value of J*(0) may be compared 
with that of 616 i 23 derived from semi-independent data in the next section. 

The precise isotopic composition of the hydrogen nuclei is unknown, there 
being no experimental evidence regarding the magnitude of any possible deu- 
teron component. Daniel et al. [6] have suggested an experiment which should 
be capable of detecting a deuteron intensity >5% of the hydrogen Intensity. This 
limit may be compared with that calculated by Havakawa et al. [7] of 
K 0.3 •X%, where X is the thickness of interstellar material traversed by the pro¬ 
ducing particles from the source to the earth. If the results described later which 
suggest that at least for some components X is ^ 12 g/cm^ are confirmed, 
then a finite deuteron intensity may be just measurable in this manner. 
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3’2. Helium nuclei. — Tlie primary lielium nuclei have been investij^ated 
by many differents groups, using both C-S arrays and emulsions as detectors. 
Since there is no albedo and these nuclei are easily detectable in emulsions, 
the intensity values are known with some precision. The mean intensity of 
a-particles having B > 4.6 GV during solar minimum has been calcailated, 
(Waddington [8]), from the results of a number of experiments as 

«/*(0) = (88 ±2) a-particles/m^-sr-s . 

These values were calculated from measurements made below the top of 
the atmosph^e, but since the corrections due to absorption and production 
by heavier nuclei are relatively small and appear to be well known, any sys¬ 
tematic errors should certainly be less than 5 %. 

Webbbb [9] has listed a considerable number of determinations of the ratio 
of the proton to a-particle intensities, made with the O-S array both at this 

rigidity and at others. Table I shows the mean values of obtained from 

these data and the emulsion experiment at various rigidities. IFor R a 4.5 GV 
these results depend solely on the 0-S array, operated under conditions where 
the background conditions are most serious. 


Table I. — Values of for various rigidities. 


Rigidity 

> 1.0 GV 

> 1.6 GV 

> 2.5 GV 

>4.6 GV 

" '> 'i'7.'()""gV 

7.4 ±1.0 


7.1 ±0.4 

7.3±0.3 

6.2±0.7 

6.9±0.6 


These values of are consistent with a unique mean value of 7.02|::0-2. 

lathis mean is combined with the intensity value of J*(0) given above, a value of 

“ (616 di;23) protons/m®*sr*s is obtained which is in good agreement with 
that given previously. 

The ratio of the intensity of protons to that of oc-particles above a given energy 
per nucleon, i.e. above a given velocity, which is the quantity to be 

used in any comparison with the cosmic abundances (Section 3*4), can only 
be determined from these results the energy spectra of one or both com¬ 
ponents are known. Unfortunately, a consequence of the constancy of 
IS that r^^(E) varies except when decreasing with decreasing M. In 

depends on the isotopic composition of the two components, 
w ich ^e not known. The calculation of these ratios is discussed in Appen¬ 
dix I, from which it appears that when JE7 ^ 

Aa(^) = 19.8 ± 1.2 , 

which IS an wp'p&r limit to the possible value above any lower energy. 
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The ratio above a given total kinetic energy, is derived from this 

value of and, since it is only of interest when considering extensive 

air showers, when has an actual value of 

= 2.48 ± 0.15 . 


3*3. >3 nuclei. — The relative abundances of these nuclei have been a 

source of controversy since their existence in the primary radiation was first 
demonstrated. Bue originally to the subjective nature of emulsion techniques, 
this controversy has more recently centred on the magnitude of the correc¬ 
tions that should be made for the effects introduced by the overlying atmos¬ 
phere. However, because of the considerable improvements in balloon flying 
techniques that there have been in recent years experiments have been made 
at progressively smaller depths in the atmosphere, thus reducing the uncer¬ 
tainties introduced by these corrections. Undoubtedly in the near future they 
will be still further reduced by experiments conducted in satellites. As a result 
it now appears that the relative abundances of these nuclei are known with 
a fair degree of certainty, although many of the finer details still need to be 
determined. 

An analysis of the available experimental data is conveniently started by 
first considering the ratios between various charge groups, and then discussing 
the determination of the absolute intensities. 

At present, results are available from three experiments which were per¬ 
formed within 5 g/cm® of the top of the atmosphere and which were intended speci¬ 
fically to investigate the abundance of the B-nuclei, 3<.Z^<5. Of these, that 
due to Freibr et al. [10] is of relatively low statistical weight, while those of 
O’Bell, Sha.piro and Stiller [11] and of van Heerben and Jxjbek [12] 
both used emulsions exposed on the same balloon so that they were not entirely 
independent. 

In what follows it is assumed that the relative abundances of these nuclei 
are independent of solar activity. 

a) Relative abundances. 

1) The ratio ot Z to /S'-nuclei, 

The values found for the ratios of i-nuclei to all heavier nuclei, /S^-nuclei, 
(*)? shown in Fig. 7 as a function of the depth of overlying atmos- 


(•) Since x) is essentially equal to x), see eq. (14), though not to 

FiaiF, x), no distinction will be made between these two quantities. 


10 - Rendiconti S.I.F. - XIX. 
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ph.ere, a?, expressed in g/cm^. Also shown are a number of "values obtained in 
earlier experiments which had reasonable statistical weight and a?<12g/cm‘‘. 
These results may be corrected to the top of the atmosphere either i) by 
making a calculation for the absorption and production of nuclei in the over- 

lying atmosphere; the diffusion 
correction; or ii) by using the 
experimental values of 
to construct a growth curve. 

The first of these methods 
depends on a knowledge of the 
various appropriate parameters 
describing the absorption and 
production of nuclei in the 
atmosphere. In general these 
have not been determined di¬ 
rectly in air, but have had to- 
be inferred from measurements 
made in emulsions by using 
assumptions of questionable 
validity. The second method 
makes the dubious assumption 
that the results used are a 
homogeneous sample unaffected 
by systematic errors. By ex¬ 
cluding those earlier measure¬ 
ments made with £)?> 12 g/cm‘^, 
together with that of Appa 
Eao et at. [16], many of the more grossly incompatible results have been 
eliminated, but the difficulty of estimating the reliability of the data used 
is still present. 

The use of the diffusion correction is shown in Fig. 7, where the calculated 
growth curve, assumed for simplicity to be linear, is normalized to the point 
at £c = 12 g/cm®, giving (0) = 0.27. This curve is calculated from the values 
of the diffusion parameters published previously (Waddington [8]), which were 
derived from emulsion data. Experiments of low statistical weight using emul¬ 
sions interleaved with materials containing light elements suggest values for 
these parameters which would lead to a somewhat lower value of (0), so 
that it is probably reasonable to take 0.27 as an upper limit. Notice also that 
the curve shown is arbitrarily normalized, and can be displaced along the 
Fj.g{x) axis. 

Using the method of least squares, and weighting each point in pro¬ 
portion to its statistical weight, the best linear fit to the data is 



depth in atmosphere in g/cm?x 


Pig. 7. — Ratio of A-nuclei to fif-nuclei, 
plotted as a function of x, the depth in the 
atmosphere, in g/cm®. Points are: W, Wad- 
DINGTON [13]; JBC, KOSHIBA 6t at [14]; G, GtARELBI 
et F, Pheier et al. [10]; J, van Heekden 

and JUDEK [12], t/i, #<30°, 30°<#<60°; 

and O’Deel et aZ. [II]; crosses show #<30° 
30° -<#< 60°. Dashed straight line shows diffusion 
extrapolation to top of atmosphere normalized 
to point W, while solid straight line is the least 

squares fit. 




given by 
(3) 
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= (0.016 6 ± 0.003 4)i» + (0.186 ± 0.021) (*) . 

It may be noticed from Fig. 7 that the difference between this curve and that 
obtained from the diffusion correction is almost entirely due to the results 
of O’BelIi et al. [11]. It is thus certainly not unreasonable to take = 

— 0.16 as a lower limit. 

Therefore a best value of may be taken as 


r^^{0) == 0.21 ± 0.05 . 


A more precise value will only come from measurements made at so less than 
1.0 g/cm®, presumably from space vehicles. 

2) The ratio of H to Jf-nuclei, 

The long standing controversy about the abundance of X-nuclei has tended 
to divert attention from the appreciable uncertainties that still exist in our 
knowledge of the abundances of the heavier nuclei. These are due to: 

i) The experimental difficulty of obtaining charge resolution between 
nuclei with Z> 8. 

ii) The increased importance of the corrections introduced by the over- 
lying atmosphere, due to the larger interaction cross-sections of 
heavier nuclei. 

hi) The low abundances of some of the heavier nuclei which makes it 
difficult to obtain results of reasonable statistical weight. 

It is usual to separate the AS'-nuclei into Jf-nuclei, 6<JZ'<9, and JT-nuclei, 
Z>10; although because of the wide range of charges in this latter group, 
from 10 to at least 26, it, in turn, is frequently subdivided into two or more 
groups. As a result of the apparent low abundance of nuclei with 16 <-3'<19 
this separation is usually based on a division in this range of charges. Here, 
nuclei with 10 <.2/<19 will be denoted as .^-nuclei, those with 20<.Z^<28 
as -nuclei. 

The ratio of H to Jif-nuclei, /\j,^(0), may be determined by similar proce¬ 
dures to those used to determine Fig. 8 shows the experimental values 

of obtained in the same experiments used to determine ^^.^^(0), plotted 

as a function of x. As in Fig. 7 the figure shows the diffusion curve normalized 


(*) These errors are calculated from residuals, and are thus, due to the small number 
of points, subject to considerable uncertainties, nor, expressed in this form, are the 
coefficients statistically independent. 



148 


C. J. WADDINGTON 


to tlie point at x = 12 g/cm^ (*). This approach leads to — 0.38. Also 

shown is the best least squares fit, given by 


(4) = (0.00143 ± 0.000 36)ij? + (0.318 d= 0.003) . 



Fig. 8. - Ratio of jET-nuclei to Jf-nuclei, 
plotted as a function of x, the depth in the 
atmosphere. Experimental points and lines have 
similar significance as in Fig. 7. 


This curve differs from the 
other almost entirely due to 
the results of van Hkkrden and 
JuDEK [12]. However, these 
authors concentrated their at¬ 
tention on obtaining resolution 
between L and /S^-nuclei, rather 
than between M and iJ-nuclei, 
and hence their value of 
should be regarded as provi¬ 
sional. This tends to favour 
the value of (0) == 0.38 

quoted above, but it must be 
remarked that Daniel and 
Dxjrgaprasad [17] have used 
observations between ir = 8 
and 40 g/cm* to obtain a 


growth curve which predicts (0) = 0.31 zb 0.02. 

It appears reasonable therefore, to assume that lies between 0.38 

and 0.30, leading to a best value of 


P ffj/(0) — 0.34 zb 0.04 . 

This value also, will only be improved on by measurements made at very small 
values of w. 

3) The ratio of 'TjT to JT-nuclei, 

IJnfortTmately none of those experiments done at a? less than 5 g/cin*^ have 
attempted to resolve the B'-nuclei, and so the best value for jr^^_ j^(0) is still 
that quoted previously (Waddington [8]), from an analysis of data at a; greater 
than 6 g/cm", which was e;xtrapolated to the top of the atmosphere by using 
the diffusion corrections. 


() This value is in. fact a little lower than that quoted previously since the earlier 
v^ue appears to have been affected by an unfortunate arithmetical error. The value 
of 0.320± 0.045 quoted here is obtained from the values published by Waddington [13] 

sr s and e7igr= 1.35 d: 0.16 nuclei/m® sr s after being cor¬ 
rected through 4.8 g/cm® of emulsion; for which the corrections are well known. 
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Therefore 


— 0.37 rt 0.08 . 

This value is particularly sensitive to the assumed diffusion parameters and 
urgently needs to be verified by experiments at small depths in the atmosphere. 

4) The ratios of individual nuclei to all nuclei, 

It does appear that it is just reasonable to attempt to determine the abun¬ 
dance of individual L and ilf-nuclei. If nuclei are denoted as X-nuclei, 
then may be determined by procedures similar to those used to deter¬ 
mine and Por these nuclei, however, the interaction parameters 

are known with even less precision than they were for the charge groups and 


Table II. — Yalues of Fi^lx) expressed as percentages. 


Eef. 

X 

g/cm® 

Li 

Be 

B 

C 

N 

0 

P 

Z>\i 

Waddington [13] 

13 

7.8±;0.8 

6.7db0.7 

13.1±1.3 

23.8±2.4 

14.1±1.4 

13.1±1.3 

4.1 ±0.4 

17.3±1 

G-arelli et al. 
[15] 

8.8 

5.7±1.7 

7.6±2.1 

12.5±2.7 

23*4;;^ 2*4 
(•) 

15.0±2.2 

D 

15.4±2.2 

(*) 

L9±1.0 

18.6±4 

Preier et aZ.[10] 

5 

5.2±1.6 

4.7±1.5 

14.4±2.6 

— 

69.6di7.0 

-- 

— 

18.1±3 

VAN Heerden 
and JuDEK [12] 

4 

4.1i0.8 

3.4±;0.7 

15.0±1.6 

19-1±L8 

19.9±1.8 

12.8±1.4 

■ 

6.4±0.9 

20.3±1. 

O’Dell et aZ. [11] 

4 

5.9i0.9 

2.9±0.6 

9.6±1.1 

29.4±1.9 

9.6±1.1 

19.0±1.6 

2.3±0.6 

21.4±1, 


(*) Assumes same percentage total of ONO nuclei as Qaiielli et al., lout uses Oksini's [ 18 ] relative abundances. 


attempts to fit least square relations are affected by greater statistical errors. 
Table II shows the values of jT^^, expressed as percentages, obtained in several 
experiments, as well as the mean values obtained previously (Waddington [8]), 
from earlier experiments. Table III shows the values of the constants a and h 
calculated by the method of least squares in the relations 

= ax -\-h 

together with the resulting values of expressed as percentages. Also 

shown for comparison are the values suggested by Waddington [8] from a 
diffusion correction to the mean values quoted in Table II. The agreement 
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is reasonalble and it may be noticed that the values of and which 

can be derived from this table are not greatly diJferent from those values as¬ 
sumed above to be the best available. 


Table III. — Valvics of a and b and a comparison of Jr<jr(0) values. 



a 

h 

6 as % 

Ax(0) as % 
from Waddington 

Li 

0.32 ±0.10 

3.57±0.80 

3.9 

5.2 

Be 

0.403±0,076 

1.63±0.59 

1.7 

4.3 

B 

0.19 ±0.28 

10.7 ±2.2 

11.6 

11.9 

C 

~ (0.036±0.80) 

24.0 ±6.0 

26.0 

25.1 

N 

0.22 -4- 0.00 

11.5 ±5.3 

12.4 

14.9 

0 

— (0.269±0.385) 

16.6 ±3.4 

17.9 

14.5 

F 

0.12 ±0.16 

2.4 ±1.6 

2.6 

4.0 

10 

— (0.387±0.113) 

22.1 ±0.9 

23.9 

20.1 


This analysis assumes that there are no systematic errors in the data used. 
However, an examination of the individual values shows evidence for 
serious discrepancies, e.g. P^^ and as observed by O’Dell et al. and van 
Heerden and Judek. These differences can hardly be statistical, but there 
is no reliable criterion for choosing between the two sets of data. It is perhaps 
of significance to note that the very high resolution measurements of Kris¬ 
tiansen et al. [4] at '16 g/cm^, suggest, like those of O’Dell et al.f that 
JT-nuclei are appreciable less abundant than C or O nuclei. 

Values of Pi^{0) for JT-nuclei have been quoted previously, Wadbing- 
TON [8], which though of doubtful validity are still the best available. Si¬ 
milarly, while nuclei with Z>28 have been reported, they appear to be so 
rare that little is known of their abundance except that it appears to be less 
or equal, but certainly not much greater, than that predicted from the cosmic 
abundances discussed in Section 3’4. 

h) Absolute abundances. — In order to compare the relative abun¬ 
dances of the JC-nuclei with those of a-particles and protons it is necessary to 
determme an absoute intensity of at least one component of the heavy nuclei. 
The accuracy of the determination of such an intensity is limited because: 

i) The two experiments made at a? < 5 g/cm^ which have high statis¬ 
tical weight were both performed in emulsions exposed on a balloon whose 
flight duration is uncertain by as much as 20%. 

ii) The results obtained in those experiments made at a? >6 g/cm® have 
to be corrected to the top of the atmosphere by using the diffusion correction, 
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whicli, while apparently not seriously in error, must introduce a further un¬ 
certainty. 

iii) The available results are from experiments performed in emulsions 
exposed under different conditions of solar activity, so that the intensities 
cannot be compared directly. 

This last difficulty can be largely overcome by making the very plausible as¬ 
sumption that these nuclei are affected by the solar modulation process in a similar 
manner to the protons and a-particles. Pig. 9 shows the relationship found 



J I - :_ J _I_ _--,J _i_1_I 

100 200 300 400 

Ottawa neutrons 


Pig. 9. - Intensities of a-particles and protons as a function of the neutron monitor 
value, Wp, on the date of each determination for 12 > 4.6 G-V and > 1.3 G-V. Proton 
intensities, shown by o, are reduced hy a factor of seven; • a-particles. 


between the neutron monitor data, Wpf and the a-particle and proton intensities 
for JB> 4.5 GV and 12 >1.3 GV. From these relations any intensity value can 
be scaled up or down to some standard Wj,. If Wjp = 330is assumed to-be this 
standard value, typical of solar minimum, then the corrections on each experi¬ 
ment are as shown in Table IT. 

Table IT also gives the intensity values at the top of the atmosphere deduced 
in a number of experiments by using the diffusion correction, before and after 
correction for solar activity. Also shown are the means of the corrected values. 
It may be noticed that these means give r^giO) = 0:26 i 0.03 and r'^j^(O) = 



162 


C. J. WADDINGTON 


= 0.38 db 0.04, which, are, as might be expected, in agreement with those values 
deduced by the diffusion approach, but not quite with those values adopted 
as the best values. !For this reason it has been assumed that the value of 
derived here is the most correct of the three and and adjusted to give 
these best values of /\g(0) and 
So 

= (1-60 ±; 0-40) (•) nuclei/m^-sr-s , 

= (6.70 rb 0.28) nuclei/m®-sr-s , 
tZjj-o = (1.94 i; 0.025) (*) nuclei/m^-sr-s . 


Table IV. 


Author 

Observed 

Date 


Cor¬ 

rec¬ 

tion 

Corrected 

Jja 

nuc 

lei/in2 { 

JpO 

3r s 

Jj^O 

nn 

*7af® 

clei/m® sx 

JffV 

& 

Wad- 

DINGTON [13J 

2.30 

±0.40 

6.10 

±0.60 

2.50 

±0.30 

1954 

330 

±10 

1.00 

2.30 . 

±0.40 

6.10 

±0.60 

2.50 

±0.30 

Cester 
et al. [19] 

1.67 

±0.39 

5.52 

±0.40 

2-82 

±0,40 

not 

given 

— 

— 




Engler 
et al, [20] 

1.68 

±0.32 



6.2,56 



1.64 

±0.29 

5.15 

±0.55 


Garblli 
et al. [16] 

1.87 

±0.25 

4.39 

±0.37 

1.64 

±0.17 

Sep. 58 



2.34 

±0.31 

1 

5.49 

±0.46 

2.05 

±0.21 

Freiee 
et al. [10] 

1.90 

0*30 


1.70 

±0.30 

19.10.57 

216 

1.22 

2.32 

±0.37 

6.22 

±0.61 

2.08 

±0.37 







Means 

2.06 

±0.17 (*) 

5.70 

±0.28 n 

2.17 

±0.18 (*) 

(*) Calculated 

from m 

ean a/v 

''I. 


1 





Using these values, and those obtained previoulsy for a-particles and protons^ 
the various values of and Pip have been calculated, Appendix I, and are 
tabulated in Table y. 


(•) Calculated from error in and IVj(O) or 
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iv) Comparison with cosmic abundances. Various attempts have been 
made to estimate the relative abundances of the elements in the universe. 
Such estimates have commonly been based on the abundances observed on 
the earth, in meteorites and in the atmospheres of stars, particularly the sun,. 
SuBSS and Urey [22], although recently theories of nucleogenesis have also 
been used to adjust these values, Cameron [22]. It is difficult to know just 
how much reliance should be placed on these abundances, but it is probably 
reasonable to assume that, except for certain « difficult » nuclei, like neon, the 


Table V. 



0) 

0) 

0)0 

A 

p 

7.0 rhO.2 

19.8 ±1.2 0 

2.48 ±0.15 

1 

I. 

0.018 ±0.005 

0.018±0.005 

0.070±0.02 

9.9 

M 

0.065 ±0.004 

0.065± 0.004 

0.425 ±0.026 

14.0 

H 

0.022 ±0.003 

0.022± 0.003 

0.46 ±0.06 

30.5 


0) 

0)C) 

0) (•) 

A 

a 

0.143 ±0.004 

0.050 ±0.002 

0.45 ±0.02 . 

4 

L 

0.002 6 ±0.0007 

0.00090± 0.00003 

0.029 ±0.008 

9.9 

M 

0.0093±0.0006 

0.0033 ±0.0002 

0.17 ±0.01 

14.0 

H 

0.0031 ±0.0004 

0.0011 ±0.0002 

0.19 "4* 0.03 

30.5 

(*) Foi 

’ /i’l> ntoc*, SOB oq. (1.3). 





Table VI. - Oo7nj)arison of cosmic abundances and cosmic ray abundances. 



P 

L 

M 


ir^ 

(SuEss and Urey) 
Oig , (Cameron) 

13.0 

6.6 

19.8 (•) 

4.7- 10-8 

3.8- 10-8 

1.8- 10-3 

1.03-10-3 
9.6 -10-3 
6.5 -10-3 

3.6- 10-8 
8.9-10-4 

1.6- 10-8 

2.3-10-4 

4.7-10-8 

0.0-10-3 


a 

b 

M 



(SuESS and Urey) 
(Cameron) 

Ap(^) (•) 

' 

7.7 -lO-a 
1.5 -10-1 
5.05 10-® 

3.6- 10-0 

5.7- 10-0 
9.0-10-* 

7.9-10-* 

1.5-10-® 

3.3-10-3 

2.8-10-4 
1.3 10-4 
8.0 10-4 

1.8-10-6 

7.1-10-6 

3.0-10-4 

(*) Those values are somewhat doubtful due to the uncertain nature of the proton enorgry 
spectrum, see Sect. 8'2 and Appendix I, and the composition of the qc-particles, but have been 
calculated assuming M ^ witc*. I 
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q^uoted values are correct for most celestial objects to within a factor of two 
or three. The cosmic abundances relative to helium and hydrogen, 0^^ and 
may be compared with the cosmic ray abundances at a given energy per 
mucleon, i.e. given velocity, and 71p(jE7), and are shown in Table VI. 

Here ^^£^^(157) is probably to be preferred, since all the values of are 

uncertain because of the difficulty of determining and its variability 

when E is not much greater than -moC®, Appendix I. 

The most striking feature of this comparison is the considerable over-abun¬ 
dance of the heaviest nuclei in the cosmic radiation. This is particularly 
■significant when it is appreciated that these nuclei are just those which would 
be most rapidly removed by passage through matter. 


4. - The chemical distribution at low rigidities. 


At rigidities which are appreciably less than 4.6 G-V, nuclei with A 2Z 
no longer have relativistic velocities, and thus the ionization I becomes pro¬ 
portional to both and some function of f{^). The determination of charge 
then requires both a measurement of I and of some other parameter dependent 
on As a consequence charge resolution is generally more difficult to attain, al¬ 
though measurement of the energy becomes progressively more precise. With the 
C-S array energy values can only be obtained when ^ is considerably less than 
unity, (Fig. 2) whereas with emulsions considerably higher energies can be 
measured. At rigidities less than ^ 1.6 GY protons also cease to move with 
relativistic velocities, and in principle, it becomes possible to measure their 
energies with the C-8 array. 

4*1. Energy and rigidity spectra of helium and hydrogen nuclei. - Alpha- 
particles represent the most closely studied component of the primary radiation. 
For this reason these nuclei will be considered in detail and then the evidence 
concerning the spectra of the other components examined for indications of 
composition changes. 

The integral energy spectrum of the oc-particles may be generally repre¬ 
sented by a relation of the form 


( 5 ) 


J(^o{>E) = 


A 


where E is the kinetic energy in GeV per nucleon, moO®, is the rest mass energy 
of a nucleon, and A and y are quantities which, at least over a limited range 
of energy and at one particular time, are constants. Then the difEerential 
■energy spectrum is given by: 


dE 


A 

(WoC® + E)v+^ 


< 6 ) 


y 
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At energies less tlian 0.5 GeV per nucleon the form of this spectrum has 
to he modified for it to represent the primary radiation. McDonald [23] has 
derived an empirical function, m{I!), by which eq. (6) should be multiplied in 
order to give the spectrum observed during solar minimum. This function 
has the form 

.(7) m{U) = 1 — exp [— 80 . 


Pig. 10 shows the experimental results obtained during solar minimum, to¬ 
gether with the curves represented by eq. (6) and by eq. (6) modified by 
when Zl=415 and y = 1.5, the values used by McDonald, 



Pig. 10. - The differential energy spectra of a-particles during solar minimum- Points 
shown by A are from Powler et al. [24], emulsions exposed in 1954; those by • and ■ 
are from McDonald [25J, C-S array with Wp— 335 and 302 respectively- Curve (1)' 
is eq. (6), curve (2) eq. (6) modified by eq. (7), and curve (3) is curve (2) adjusted 
for a 60% admixture of ®He-nuelei. (See Appendix II). 
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The constants A and y have been found from the integral and differential 
spectra determined from energy measurements by multiple scattering and 
residual range in emulsion; by pulse heights in the O-S array; and from the 
comparison of intensity values at different geomagnetic threshold energies. They 
are found, for 0.6 < < 5*10® GeV per nucleon to have values at solar mi¬ 

nimum of A = 350 and y=1.5, with errors of between 10 and 20% on each* 
At solar maximum for E <. 7.0 GeV per nucleon these q^uantities are re¬ 
duced to ^=200 and y=X.2. Since this reduction must be because of a greatly 
enhanced solar modulation effect at these times, A and y presumably have 
the same values as at solar minimum at appreciably higher energies where 
these modulation effects are ineffective. 

At low energies it appears that it is not the energy spectra which are similar 
for nuclei having different 2/A ratios, but the rigidity spectra. Equation (5> 
is then equivalent to an integral rigidity spectrum of the form 


and eq. (6) to a differential rigidity spectrum 


(9) 


dJa. _ a 5 _ 

dB ~ \a) ' 


In order to represent the true spectrum observed during solar minimum eq. (9) 
must be multiplied by an empirical modifying function, similar to eq. (7), of 
the form 

(10) m{B) — 1 — exp [— 0.36 . 

This function must be applied when JR <,2.0 GV. 

During solar maximum a different modifying function must be used, and 
preferably this should be derived from some theory of the modulating mecha¬ 
nism, as indeed should that at solar minimum, if it is not a feature of the 
galactic radiation. Englee et al. [26] have suggested that the model proposed 
by Elliot [27] can adequately explain the spectra observed at solar maximum, 
if it is assumed that the spectrum operated on by the modulating mechanism, 
the galactic spectrum, is given by the differential rigidity spectrum eq. (9). 
This implies that the galactic spectrum observed during solar minimum is still 
strongly modulated, so that m{JR) is only of local importance. Fig. 11 shows 
this agreement. This model appears to be the only magnetic process so far 
suggested which is quantitatively able to explain the observed modulation 
effects. Previously it has been necessary to explain these effects in terms of 
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an electrostatic de-celeration mechamsm, in spite of the physical implausibi- 
lity of such a process, and the nearly complete absence of high-energy electrons 



0.5 0.7 1.0 2.0 3.0 4.0 5.0, 

rigidity in GV 


Fig. 11. - The differential rigidity spectra of a-particles and protons. Points shown 
solid are those on Fig. 10. Those shown, by □ are from Aizu et al. [28], emulsions 
with Wp= 177; o are from FjNGler et al. [26], emulsions mth Wp~ 194; and and a 
are from McDonald [23], C-S array with Wp~ 191 and 173 respectively. Points 
shown hy x and-f-are proton intensities divided by 7 from McDonald and Webber [2,29], 
X at Wp —330 and -j- at Wp= 237. Curve (1) is eq. (9), curve (2) eq. (9) modified 
hy eq. (10), curve (3) eq. (9) modified by eq. (11) using parameters appropriate to 
reduced solar activity and curve (4) eq. (9) modified by eq. (11) with maximum values 

of the parameters. 


It is assumed in this magnetic model that the interplanetary medium con¬ 
tains a large scale solar magnetic field of predominantly dipole character ge¬ 
nerated by current systems in the solar corona, and that this field has many 
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small scale irregularities which act as scattering centres. The resulting mo¬ 
dulating function should he able to explain the spectrum observed at solar 
minimum, as well as that at solar maximum. 

Elliot proposes that 

11 ) (^\ /l^\ Y 

\ dJ^j 

earth / \dJg j galactic e * JS-10®j ’ 

where ifef, is the effective dipole moment of a coronal current system, is an 
astronomical unit, AU = 1.5*10^® cm, and 

(12) r = i[l - {1 + 4ocLUR„ + , 

where ocL and JKq are parameters which respectively relate to an absorption 
probability and the scale and strength of magnetic inhomogeneities in the 
solar system. 

Elliot suggests values of the various parameters at a time of reduced, 
although not negligible, solar activity, and these have been used to calculate 
(dJ^o/dJS) assuming that eq. (9) gives (dJ'^o/dR)„^,^,ti„ Figure 11 shows the 
lack of agreement between this calculated spectrum (3), and that observed 
experimentally (2), and suggests that it wiU be difficult to find a function to 
modulate curve (1) to curve (2). This may be due either to an inadequacy 
in the assumed parameters or the model, or to the failure of eq. (9) to re¬ 
present the true galactic spectrum. It is possible that the parameters given 
by Elliot can be adjusted sufficiently so that the modified solar minimum 
spectrum, curve (2), could be modulated to give the solar maximum spectra 
curve (4). This implies that the galactic spectrum is represented by eq. (9) 
modified by m{B). The essential point to note is that the true galactic spectrum 
in this range of rigidities must, therefore, be regarded as being somewhat un¬ 
certain, since it is not clear whether the modulating functions observed at 
solar minimum are characteristic of the galactic radiation or are imposed near 
the solar system. 

An additional difficulty in the interpretation of the experimental spectra 
is the recent demonstration by Appa Bao [30] of an appreciable abundance 
of ®He among the a-particles. As a consequence experimental measurements 
of energy are in error, and threshold values are also ambiguous. The corrections 
introduced in the energy spectrum are discussed in Appendix II, where they 
are shown to be rather small. Furthermore, the error made in calculating 
energies is nearly cancelled by then calculating the rigidity, so a rigidity 
spectrum appears to be less subject to errors from this cause. Equations (8) 
and (9) do however involve ZjA, and thus the deduced constants are still 
erroneous to a small extent. 
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Figure 11 also shows the experimental intensity values obtained by McDonald 
and Webber [2] for slow protons, normalized to the a-particles by dividing 
by the value of found previously at higher rigidities. These results 

certainly indicate that the protons have a similar rigidity spectrum to the a-par¬ 
ticles in this range. However, they have not been checked in any way by other 
experiments, and should be accepted with some caution till such a confirmation 
is available. Experiments by Neher [31] and by Winokler and Ander¬ 
son [32] during solar minimum, and by Vogt [33] during 1960, indicate thah 
at still lower rigidities, <0.7 GV, the proton intensity must commence to 
rise again, though what the a-particles do in this rigidity range is not known. 
These results, if confirmed, may suggest a steady solar component of very low- 
energy particles. 

4*2. Low-rigidity Z>3 nuclei. - The situation with regard to the rigidity 
spectra of these nuclei is obscure, being bedevilled by experimental inconsist¬ 
encies. Evans [34] has obtained an energy spectrum for all Z>S nuclei 
in a stack exposed at W„ —335, which is fitted by eq. (9) modified by m{JR,) 
with A — 33.4. Tamai [35], in the same stack, finds evidence for peaks in 
the differential energy spectra which depend on Z ; more A-nuclei than 
if-nuclei and an a-particle spectrum which resemble that observed at solar 
maximum. Aizu et al. [28] find at solar maximum a total intensity which is, 
as would be expected, about half that observed by Evans, but differential 
intensities at energies less than — 700 MeV per nucleon which are approxi¬ 
mately equal in magnitude. Unlike Tamai they find i-nuclei are about half 
as abundant as ilf-nuclei. 

Figure 12 shows the rigidity spectra found by Evans [34] for Z>^ nuclei,, 
and those found by Aizu al. [28] for L and JIf-nuclei. It can be seen that 
these spectra are similar in form to those spectra represented by eq. (9) mo¬ 
dified by eq. (10) or eq. (11) as appropriate. However, Aizu et al. point out 
that an analysis of their results suggests, with rather doubtful statistical sig¬ 
nificance, that varies in this range of rigidities, a conclusion which is not 
supported by Evans, who does not observe any broadening of the peak in the 
differential spectrum. It has been shown by various authors, e.g. Tbrashima [36] 
that if the true galactic spectrum is that observed at solar minimum, then 
due to ionization energy loss experienced by the nuclei as they traverse the 
interstellar medium, the shapes of the differential rigidity spectra of the various 
components will be different, with the peak in the spectrum moving to higher 
jB as Z increases. This assumes that all nuclei pass through the same amount 
of matter from the source to the earth, which may well not be the case, see 
Section 8. Thus the definite observation of such an effect would be of con¬ 
siderable importance since it would be both an indication of the form of the 
galactic spectrum and of the mode of propagation in interstellar space. 
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The value of in this range of rigidities is rather uncertain. Fiohtbl [37] 
finds, for those particles with J2>1.8G-V, 7^^^ = 0.36 ± 0.06 under 8.8 g/cm®, 



Fig. 12. - The differential rigidity spectrum of 
> 3 nuclei. Points shown as o and • are for all 
nuclei with Z<3 from Evans [34] at TF„== 335. 
Those points shown hy + are for If-nuclei, 
and those by x for J}-nuclei, from Aizu et al. 
[28] at TFj,= 177. Curve (1) is eq. (9) modified 
(10) with zl = 33.4, while curves (2) and 
(3) are for eq. (9) modified hy eq. (1.1) with max¬ 
imum values of the parameters, and A determined 
from the total intensity. 


which is similar to the value 
found for jB > 4.5 GrY. However, 
about 60% of Eichtel’s nuclei 
have R > 4.6 G-V and so this 
value of F^g is not very sensitive 
to variations at low rigidities. 
Aizu et al, [28] find, on the basis 
of an extrapolation through 
7.6 g/cm% jr,^(0) = 0.33 ± 0.04 
at the top of the atmosphere for 
nuclei with 1.3 < 72< 2.6 GV. 
This is probably the best avail¬ 
able evidence that Fj^g does not 
vary greatly at these low rigidi¬ 
ties from the value observed at 
higher rigidities although it is 
significantly higher. Ta]m:ai[36], 
on the other hand, finds 7\g >1.0 
under 7.0 g/cm“ for 72 < 2.5 GV, 
in sharp disagreement with the 
results given above. These are 
the only published measure¬ 
ments made under less than 
12 g/cm^, but there are a number 
of experiments performed deep¬ 
er in the atmosphere which 
report results similar to those 
of Tamai [35]. Experiments in 
detectors exposed under small 
amounts of residual atmosphere 
will be needed to resolve this 
controversy. 

4*3. Special components ob¬ 
served at low rigidities. — At these 
low rigidities there is experi¬ 


mental evidence for two other 


components of the primary radiation which have not, as yet, been observed 
at higher rigidities. ‘ 
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a) Primary electronfi (*). — Until recently the only evidence regarding 
the possible existence of primary electrons was the negative result of Cbitoh- 
PiELD et al. [38 ], who quoted an upper limit to the intensity of electrons with 


£7 > 1 GeV of 13 electrons/m-• sr *s. 
have used a counter telescope with 
absorber to give finite limits on a 
definite electron intensity These 
authors claim tliat for 25 < < 

<100MeV the intensity of vertical¬ 
ly incident electrons is (280-f-310) 
electrons/m^-sr-s, for 100 <: JS c 
< 1300MeY it is (35110) electrons/ 
/m^ • sr • s; while for J7 >1.3 GeV it 
is (0-^80) electrons/m‘-^-sr‘S. In 
addition Earl [40] has used a 
cloud chamber technique to show 
that (3 ±1)% for Jg7> 

>0.6 GeV. These values may be 
compared with the upper limit of 
0.1% derived byDuTHiK et al. [41] 
for the i*atio of pi'ima-ry y-rays 
and/or electrons to protons with 
JE7 > 470 GeV. These finite inten¬ 
sities of low energy electrons com¬ 
pare well with those that would 
be expected from the observations 
of radio intensities in the galaxy. 
Following Giwzburg [42] Fig. 13 
shows the density of electrons with 
JSI>1 GeV plotted as a functtion 
of the near galactic magnetic field 


Becently, however, Meyer and Vogt [39] 



magnetic field H in gauss 


Pig. 13. - The density of electrons with an. 
energy above 1 GeV as a function of the 
magnetic field for different values of «, the 
exponent of the radio frequency intensity 
relation, J = const v-‘*. Calculated from the 
data given by Ginzburg [42]. 


for various values of a, the ex¬ 
ponent of the radio frequency 
spectrum. It can be seen that for H 6 * 10”* gauss the density of electrons 
should he a few per cent of that of the cosmic radiation. However, it may be 
noted that these experimental determinations were made at a time of solar 
maximum, and it would therefore be more realistic to compare densities at 
a given magnetic rigidity rather than energy. Because the rigidity of an 
electron at a given energy is lower than that of a proton these ratios and 
intensities are presumably lower limits to the galactic values. 


(•) See Dayton in these proceedings. 

11 - Rcndiconti - XTX, 
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b) »He-nuclei. - Measurements in emulsions of range and multiple 
scattering on stopping a-particles have enabled Appa Rao [30] to distinguish 
between ^He and *He nuclei. For 0.2 < J? < 0.4 GeV per nucleon he finds an 
abundance ratio ^He/^He = 0.70 ± 0.16, while for 1.3<-K<1.6 BV a ratio of 
0.67 ± 0.18. As would be expected these values are not significantly different. 
The determination of this ratio is of particular interest because of the low 
cosmic abundance of ®He nuclei. The significance of this will be discussed in 
Section 8. 

5. - The chemical distribution at high rigidities. 

At rigidities appreciably above 4.5 GV the data on the relative abundances 
of the various components become rather sparse, mainly because of the diffi¬ 
culty of obtaining results of significant statistical weight. At > 16 GV, tlie 
vertical threshold rigidity near the equator, measui'emeiits of the intensities of 
protons, a-particles, M and JJ-nuclei are all consistent with the relative abun¬ 
dances being similar to those at 4.5 GV, Waddington [8], i.e. with having 
an energy or rigidity spectrum whose power index, y, is 1.5. Notuje from 
eqs. (6) and (8) that when li or JS is much greater than both J(IS) and 
J{M) obey a power law with the same index y. 

Systematic observations on the intensities of high-rigidity protons and a-par- 
ticles have been extended up to ?«5-103GV from studi(^s of high-energy 
nuclear interactions, «jets » observed in emulsions, Plate 11. Estimates of the 
energy, and thus the rigidity, of these particles depend on tlie <*hara(dieristic& 
of the individual interactions, and for any one event may be incorrect by a 
factor of two or more. Consequently any detailed structure in the spectrum 
will be obscured and at best can only appear as a gradual trend. 

Unless a jet is produced by a particle having an energy appreciably greater 
than 10® GeV per nucleon it is unlikely to be detected by its secondary effects 
but the interaction itself must be located. It is thus necessary to detect a 
point rather than a line in the emulsion, and consequently, it is more difficult 
to obtain a sample of appreciable statistical weight of these «low »-energy 
jets than it is for jets produced by the still rarer particles of higher energy. There 
is thus a gap, between 16 GV and at least 10® GV, in which very few meas¬ 
urements have been made, simply due to this difficulty of dete<*.ting the events. 

Figure 14 shows the intensities obtained by various workers of particles 
with rigidities above some given limit. The energies of the individual events 
were estimated either from an estimate of the energy in the electromagrietie 
cascade, or from the geometrical configuration of the nuclear particles in the 
jet. These results are consistent with the derived integral rigidity spectrum, 
eq. (8), with y = 1.5; and show that has the same value as at lower 

rigidities. In addition, Engler and Habbr-Schaim [43] found, for proton- 
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induced events, y =1.4 d= 0.2 between 65 and 500 GV. Tlins np to 5* 10* GV 
there is no evidence for any change in y from the value observed at lower 
rigidities. 



rigidity in GV 

Tig. 14. - The integral rigidity’s peotrnm of protons (O) and «-partioles ( X 7) (♦)jbogether 
with eq. (8) when y ~ 1.5. Between the rigidity values shown by vertical dotted lines 
Enoler and Haber- Son aim [43] determined y experimentally. Points shown for 
proton intensities are I/, Ead [44J; K, Kapeon etal. [45] and D, Dxtthie aL [41], while 
for a-particle intensities F, Powler and Waddinoton [46] and T, Lohrmann and 

Teucher [47]. 

Individual events having rigidities of up to 10® GV have been observed 
in emulsions, but not in a systematic manner because of the extremely low 
intensities. The interpretation of such events is particularly difficult due to the 
large fluctuations in the apparent energy that can occur for individual events. 
As a consequence of these fluctuations and of the steepness of the rigidity 
spectrum, events having particular characteristics which indicate a certain 
primary rigidity, can instead be the result of a fluctuation of some of the more 
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abundant lower rigidity particles. Similar considerations apply to extensive 
air showers. 

For ^>3 nuclei, Jain et al. [48] find that, up to 200 GV ( = 100 GeY 
per nucleon), the rigidity spectra of the M and H'-nuclei are still represented 
by y = 1.5. iN’o systematic observations of still higher rigidity heavy nuclei 
have been made, although individual nuclei having rigidities of up to 10 ® GV 
have been observed producing jets in emulsions. As in the case of the very- 
high energy proton and a-particle-induced Jets, the number of reported events 



Plate II. - Two proton.-induced jets observed in emulsion, one of fsa 200 GeV and 
the other of 1200 GeV. Notice the different geometrical configuration of the tracks 
of the fast particles in the two cases, and that in both the particles spread out so 
rapidly that these events can only be detected near to tlie star. 
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is not inconsistent witTi that to be expected if y = 1.5 at these rigidities, but 
does not define y with any precision. 

Above 10” GV there is no direct information on the relative abundances 
of the various nuclei. However, it should perhaps be stressed that there is 
no convincing experimental evidence to prove that the relative abundances 
vary appreciably with rigidity, nor, apart from the variation in at 

lower energies, with energy, over the whole range in which observations have 
been made. 


6. - The energy distribution at very high rigidities. 

At energies above 10” GeV per nucleon information on the energy spectrum 
can only be obtained from observations made dee]) in the atmosphere on the 
secondary products of the very energetic primary particles. Apart from those 
experiments in emulsions exposed on aeroplanes, these measurements are sen¬ 
sitive only to the total kinetic energy of the particle (*), U, and thus if the 
chemical composition is the same as at lower energies, nearly half the events 
at any given apparent energy must be produced by Z'^2, nuclei, Table V. 

Measurements have been made by Aly et al. [49] on nuclear induced jets 
produced in emulsions interleaved with sheets of high Z material exposed both 
at aeroplane altitudes, 220 g/cm^ and at balloon altitudes, 10 g/cm^. 
These events were ones in which more than 500 GeV were originally given to 
the Tc^-mesons created in the nuclear interactions, and were-detected from the 
resulting electromagnetic cascade, whose development was enhanced by the 
sheets of high-.^ material. Assuming charge independence and an elasticity 
in the interaction of between 50 and 75%, the energies of the primary particles 
should have averaged some 6 to 12 times that in the cascade. The resultant 
energy spectrum, which is of the form J(U) ocU~'', has y — 2.0 d= 0.2. This is 
probably, but not necessarily, the spectrum of the primary radiation, since 
equating the two assumes, for example, that the fraction of the primary energy 
that goes into Tt^-mesons is constant over the energy range. This spectrum 
may be normalized to a primary spectrum by using the intensity of 
(3 il)* 10"*^ protons capable of producing electromagnetic cascades containing 
more than 500 G€»Y energy per m^-sr-s found by Dtjthib et al. [41] by art 

(’) This Ktaterneut requires some justifica.tion .since it is not precisely valid. At 
these energies a nucleus may be regarded as consisting of A unrelated nucleons, each 
of which is capable of producing an air shower of size nccE^, where E is the energy 
of a nucleon, and fi is some constant at sea level. Hence the shower observed will 
have a size NacAE^, and since TJ AE, NaA'^~^TJ^. 

Now from eq. ( 15 ), so /S is approximately unity and thus TV'al’'. This 

argument will not be j ustified for showers appreciably above sea level, since N is 
far from linear with energy tinder these conditions. 
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extrapolation to tlie top of the atmosphere. By increasing this intensity by a factor 
of two, account is taken of those nuclei with >2 with similar total kinetic 
energies. The resulting spectrum is shown in Fig. 16, where the experimental 
uncertainties shown are those due to the range of values in the factor used 
to convert from the energy in the cascade to the energy of the primary 
particle. 



total kinetic energy U in GeV 

Fig. 15. — The integral energy spectrum above 10® GeV total kinetic energy. Shown 
is the curve for y= 1.5; the two [r-meson points of Barrett et al. [50]; the spectra 
observed by Dtjthie et al. [51] with y=^2.0; two points obtained from the integral 
track length by Greisen [52], G, and Cocconi [53], O; the spect.rum obtained by 
Greisen [54], O, the spectrum obtained by Cocconi [63] and the spectrum obtained 
by the MIT group, Clark et al. [56]. The dotted line show's the extension of this MIT 

spectrum to lower energies. 

Sea level measurements are made either on extensive air showers (E.A.S.) 
detected with counter arrays, or by observing the intensities of (x-mesons at 
different depths underground. 
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a) |jL-mes ons. Barrett et al. [60] have used measurements of the 
intensity of single (j.-mesons detected under 1600 m w.e. and of multiple pairs 
of fji-mesons under the same thickness of matter, to derive two points on the 
integral energy spectrum of the primary particles. The derivation of these 
intensity and energy values depends on relatively plausible but not rigorously 
justifiable assumptions, and they must therefore be regarded with some re¬ 
servations. These values, which are shown in Pig. 15, are presumably not 
seriously affected by the discrepancies in the reported inten sities of higher-energy 
^.-mesons recently revealed by Duthib et al. [41] from observations of y-’roijs 
in emulsions and by Barton [66] from some re-measurements of these values. 

b) Extensive air showers. These are observed with arrays of 
counters which measure directly a small sample of the particles, predominately 
electrons and ^.-mesons, produced in the cascade process. These measurements 
are used to estimate the total number of particles present in the cascade when 
it strikes the array, and this number is then related to the energy of the pro¬ 
ducing particles by assuming some specific model for the physical process of 
transferring energy to the cascade. As for the case of the underground p,-me¬ 
sons these calculations can hardly be rigorously justified but appear plausible. 

At energies of 10®GeV a point on the integral energy spectrum can be 
obtained by integrating the energy lost by air showers of known total energy 
over the whole atmosphere. Such points have been calculated by Greisbn [52] 
and OooooNi [53]. 

The energy spectrum has been calculated from the observed number spec¬ 
trum by making the simple assumption, which almost certainly leads to an 
overestimate of the energy, and thus a lower limit of y, that the average energy 
per particle in a shower is independent of the size and equal to that found 
for the air showers of known total energy, these being the smallest considered. 
This average energy is calculated by CocooNi [63] to be 12 GeV, and assuming 
that the integral number spectrum is given by 

(13) .P(> JV") == showers/m^-sr-s, 

he finds an integral energy spectrum, which he presumes to be an upper bormd 
to the true spectrum, and is shown in Eig. 15. Greisen presents rather similar 
data from which an energy spectmm can be calculated which takes into ac¬ 
count the variation of the average energy with size. He derives the following 
integral number spectrum 

(14) ]p{> JV") = (3 ± 0.6) • 10-® showers/m® ■ sr • s , 

which is claimed to be valid from N — 10® particles up to the largest show¬ 
ers yet recorded, >10®. Also it is concluded that in a shower with If — 6-10® 
particles at sea level the average primary energy of such showers is (15 ±3) GeV 
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per particle at sea level. Finally observations by Chudakov et al. [57] are 
quoted to show tbat tbe average energy per particle is greatest in small 
showers, and varies as so that 

(15) 

The resulting spectrujn is shown in Fig. 15, where the uncertainties are solely 
those due to the ±0.6 term. 

Perhaps the most extensive experimental data in this energy range are that 
of the MIT group, Clark et al. [66]. These authors assume a specific model 
for shower development, which, unfortunately, is not available in the litera¬ 
ture, and, by taking into account fluctuations in the depth at w^hich the first 
interactions occur, find an integral energy spectrum of the primary nuclei, 
assumed to be all protons, of 

(16) J{'> XJ) = (8.1 ± 3.1) *10® protoiis/m®-sr-s , 

when 3 • 10® < Z7 < 10® GeV. Although this spectrum is somewhat depressed 
relative to that derived by Greisen [54] this may be due to the allow'aiice 
made for the effect of fluctuations. Obviously if many of the primary i)articles 
producing these events are heavy nuclei these fluctuations will be greatly re¬ 
duced, and the spectrum brought into closer agreement witli Greisen’s. 

The largest showers yet observed contained considerably more than 10® par¬ 
ticles at sea level, which corresponds to a primary proton energy near to 
10^® GeY. Furthermore, since at least two of these extremely large events 
have been observed with zenith angles of nearly 60°, if they were initiated by 
heavy primaries the energy estimates have to be greatly raised because then 
they could hardly be the result of a fluctuation. Consequently it appears tliat 
there must be primary particles with rigidities > 10® GV, regardless of 
whether they are protons or heavier nuclei. There is no evidence for the 
existence of an upper limit to the energy spectrum, since still laa’ger showers 
should be so infrequent that they would not yet have been detected by pre¬ 
sent E.A.8. arrays. 

All this data are summarized in Fig. 15, from which it apj)ears that there 
are serious discrepancies between the various spectra, wliich, at some ener¬ 
gies, amount to as much as a factor of 10® in the intensity. Kevertheless over the 
range of energies between 10® and 10® GeY it is possible to assume that y lies 
between 2.0 and 2.2, although it is impossible to verify whethei* there are any 
serious discontinuities or abrupt changes of slope. Peters [58] has suggested, 
from an examination of air shower size data obtained at mountain altitudes, 
that there is a discontinuity for showers with more than ~ 4 ■ 10® particles, 
which, at that altitude, would correspond to a primary energy of 10® GeY. 
Such a discontinuity could be due to a change in the primary spectrum, or 


U= Y-15 


'5 ■ 10 ®\®-'® 


GeY 
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to a change in the physical processes involved in these very-high energy nuclear 
and electromagnetic interactions. A more detailed investigation of this point 
is undoubtedly required. Equally the apparent consistency of y down to 
5 • 10» GeV shown in Fig. 15 might be taken as indicating that y clianges ratlier 
abruptly from 1.5 to 2.0 at this energy, but the spread of the results is far 
too great to justify such a conclusion. It would appear that the energy spectrum 
should also be investigated with more care in this region, but, as pointed out 
previously, the experimental difficulties are particularly severe at this energy. 
At the present time it wmuld seem that the majority, if not all, of the e.\;peri- 
mental evidence suggests that y varies slowly and smoothly from 1,5 to about 
2.2 between 10 GeV and 10® GeV. 

7. - The spatial distribution. 

Any anisotropy in the directions of motion of galactic particles arriving 
in the vicinity of the earth should produce a sidereal-diurnal variation in the 
intensity recorded at the earth. It appears that if such variations exist they 
are generally small, less than 2 or 3 %, and as a result investigations of these 
effects have been made almost exclusively with counting equipment placed 
deep in the atmosphere. Such equipment, e.g., neutron monitors, meson coun¬ 
ters, E.A.S. arrays, can only observe the secondary products of those primary 
particles which have an energy above some limiting value. Consequently an 
observed constancy in the intensity may not reflect a similar constancy in the 
charge distribution, but only in the total energy input. For example, at low 
O' neutron monitor, because of its small efficiency of detecting any one 
primary particle, would observe little diHerence between the arrival of one 
iron nucleus or of its 56 component nucleons, while at high energies an air 
shower array, which is only sensitive to the total energy, c*aiinot distinguish 
between an iron nucleus and a nucleon of the same total energy. 

Experimentally the detection of a definite sidereal variation in the intensity 
has proved extremely difficult, and it still appears doubtful whether any true 
sidereal variation occurs. Dorman, in 1959 [59], summarissed the situation by 
stating that if sidereal variations do exist, their amplitude is ^ 0.02 'X) 
measured hy meson counters, and 1 % as measured by air sliower arrays. 
It is apparent, therefore, that the energy content, and probably the particle 
density, is very nearly isotropic in space for energies between 5 and 10’’ GeV. 
Clark et ai. [65] state that they have no evidence for any obvious anisotropy 
even at the highest energies, 10® GeV. At energies less than a few GeV any 
sidereal effects are obscured by solar-diurnal and irregular variations of >1 %, 
as observed by neutron monitors, and are anyway intrinsically improbable 
due to the dominant nature of local magnetic fields on particles of such low 
rigidities. 
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This remarkably high degree of isotropy, applying even to particles of such 
great rigidity that their radii of curvature in possible galactic magnetic fields 
appear to approach the dimensions of the galaxy, must be explained by any 
acceptable theory of the origin and propagation of these particles. Further¬ 
more, it should be noted that the limits placed on any possible sidereal varia¬ 
tion of the majority of the radiations are at least an order of magnitude less 
than the expected Oompton-Getting effect, which would arise as a result of 
the rotation of the galaxy in inter-galactic space, Dorman [60]. Thus these 
particles must partake of the mass motion in the galaxy, which is strong evi¬ 
dence for the presence of appreciable magnetic fields which «bind » them to 
the galaxy. 


8. - Significance of the results to theories of the origin. 

The value of the experimental observations summarized thus far lies in 
the restrictions that they place on the possible theories of the origin and pro¬ 
pagation of the particles in the cosmic radiation. These theories may be broadly 
gathered into three groups: 

i) The particles originate in the sun and are confined to the solar system. 

ii) The particles originate in the galaxy, and are confined within it. 

iii) The particles originate in, or between, the galaxies but are not con¬ 
fined to them. 

Almost cei'tainly particles whose origin could be classified in each of these 
groups are received at the earth, but equally certainly, their relative importance, 
or intensities, are greatly different. 

8‘1. JSolar origin. — Particles, including nuclei with 2^>2, definitely originate 
in or near the sun during solar disturbances, although apparently with relative 
abundances which differ appreciably from those usually observed in the primary 
radiation, r^^{R) being only 10% of that observed in the cosmic radiation 
(PiCHTEL and Guss [61]). Exceptionally these particles may have rigidities as 
high as 50 GY, but more usual values are of the order of (0.1-f-1.0) GY, with, 
a rigidity spectrum typically proportional to Whether any appreciable 

number originate at times other than during these solar disturbances is un¬ 
certain, though the results reported by Yogt [33] suggest a steady flux of very 
low rigidity (<0.7 GY) protons. Some of the arguments against solar par¬ 
ticles making up any considerable part of the radiation above 1 GY are: 

a) The absence of any appreciable solar diurnal variations. For this to 
be consistent with a solar origin there must be a permanent and efficient 
mechanism to render the particles isotropic, similar to that which acts on the 
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Mgli energy solar flare particles after the first few minutes of a flare increase. 
Sowever, particles with energies less than one or two GeV per nucleon are 
not observed at sea level, so that they could exhibit considerable diurnal 
variations which have not yet been detected. 

b) The overabundance of the high Z elements. This could be due to 
a preferential acceleration mechanism, but is not consistent with the observed 
paucity of these elements in solar flare radiation. 

c) The failure to detect any transition in either the chemical or the rigi¬ 
dity distributions from solar to galactic particles, although particles with rigi¬ 
dities much greater than 10^ GV, which corresponds to a particle having 
r = l AU in a field of 2*10“® gauss, can hardly be of solar origin, and still be 
isotropic. Unfortunately, this rigidity limit already lies beyond the range in 
which these distributions are relatively well known. 

d) Fan et al. [62] failed to find any appreciable increase in particle den¬ 
sity over 0.1 AU on the Venus space probe. These results were only preli¬ 
minary, however, and in any case an increase might only be expected con¬ 
siderably closer to the source, if at all. 

None of these arguments are conclusive, therefore. Hence the possibility 
that solar particles do make up an appreciable fraction of at least the low 
rigidity, and thus of all the particles, should not be entirely neglected, in spite 
of the greater intellectual appeal of the galactic theories, which relate the 
problem of the origin to much other astrophysical evidence. 

8’2. Galactic, origin. - Certainly some, and probably the majority, of those 
particles commonly called cosmic rays, are of galactic origin, and must there¬ 
fore have been propagated through the interstellar medium. 

Neither the places of origin, nor the mechanisms of acceleration, are under¬ 
stood with any certainty. However, it appears fairly convincing that large 
numbers of energetic particles are to be found in those galactic objects which 
are strong sources of non-thermal electromagnetic radiation, since this radiation 
is generally considered to be produced by the motion of energetic electrons 
moving in magnetic fields, synchrotron radiation. Such sources are the central 
nucleus of the galaxy and siipernovae remnants like the Crab nebula and Cas¬ 
siopeia A, Whether these supernovae remnants represent the most important 
sources of cosmic ray parti<deR is not known, although the overabundance of 
heavy nuclei observed in the cosmic radiation is often quoted as supporting 
this view, since the nucleogenesis of heavy elements is believed to be important 
in the causation of supernovae. 

Similarly the mode of propagation of the particles produced in these, or 
other, sources, is not well known. The polarization of star light, the existence 
of a radio emission background in the galaxy, and the absence of a measurable 
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Compton-Getting effect, strongly indicates the presence of extensive magnetie 
fields in the galaxy. Attempts to measure the strengths of these fields directly 
have so far only succeeded in setting an upper limit on the permissihle value. 
Little appears to be known about the configuration of these fields, although 
the polarization evidence indicates a degree of large scale regularity along the 
galactic arms. On the other hand interstellar matter appears to be very irre-' 
gularly distributed, forming « clouds » of gas, and if magnetic fields are asso¬ 
ciated with these clouds, many, comparatively small-scale irregularities must 
be expected. For this reason the propagation of the cosmic ray i3articles is. 
often regarded as a diffusion process, with the gas clouds, and their associated 
magnetic fields, acting as scattering centres. Such a mode of propagation^ 
possibly, but not necessarily, combined with a degree of confinement in the 
galaxy, would explain an isotropy of the cosmic radiation in spite of a 
non-isotropic distribution of sources. It is possible that particles are accelerated 
by the Fermi mechanism, while travelling in interstellar space, but the 
astronomical evidence suggests that the scale and relative velocities of the gas 
clouds are insufficient for. the efficient operation of such a mechanism. On the 
other hand, it is difficult to visualize any mechanism whose dimensions are 
restricted to those of a nebula, being able to accelerate particles up to 10^* GeV, 
If the mode of propagation is a diffusion without acceleration, from a rela¬ 
tively concentrated region of sources, then the eq^uations for the conceiiti-ation,, 
Ni, of nuclei of type i, are: 


(17) 


dN, 

dt 


div (D V Ni) 


T] 




where D is the diffusion coefficient, = Zu/3 with I the effective distance be¬ 
tween magnetic inhomogeneities and v the particle velocity, Ti is the 

absorption lifetime, i.e. the time a particle takes to travel an absorption mean 
free path >1^; Qi the source density of i type nuclei, and P,-,- is the fragmen¬ 
tation parameter, i.e. the average number of j type nuclei produced by the 
absorption of an i type nucleus. Solutions of these equations, aird of those 
applicable to the simpler one-dimensional case, are given by Ginzburcj aiid 
Syrovat'skh [63] and are of the form 

( 18 ) A,- = f{ti, Qi) . 

Thus, in principle, if any value of Qi is known, ti, the mean lifetime of i type 
nuclei, can be found, and thus, since ti is related to all other values of Qj. 
In practice, Ti, Pi^ and D have to be known, and there are appreciable ex¬ 
perimental uncertainties regarding all these parameters. In the one-dimen¬ 
sional case D = 0 and the analysis is usually made in terms of s, the distance 
traversed in g/cmS = act, where ir is the density of the medium, and A,— acT,-. 
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In this ease each particle has passed through the same value of s, i.e. the same t, 
■whereas in the three-dimensional case t is only an average value, and different 
particles may have traversed different amounts of matter, permitting the 
concept that certain particles may he «younger » than others. Thus for ex¬ 
ample iron nuclei may, in general, be younger than protons. 

Usually is assumed to be zero, and the equations are solved for each 
component in turn. Due to the uncertainties in Ni, A*- and such solutions 
are often in considerable disagreement. For example Hayaka.wa et al, [7], 
who assume — 0.23 find in the one dimensional case s = 3 g/cm®, while 
OiNZBUjaa and Syrovat'skii [63], who assume a similar value of find, 

also in the one-dimensional case, s — 6.6 g/cm®. These values may be compared 
with that found by Appa Bao [30] of — ^12 g/cm® by assuming ~ 0. This 
appreciably larger value could be due to errors in the parameters, or may 
reflect the greater « age » of these lighter nuclei. This latter explanation is 
also suggested by the proposal made by Hoyle [64] to account for the high 
energy electrons that produce synchrotron radiation, that cosmic ray protons 
have passed through some 30 g/cm® of matter. Further, while Hayakawa 
et al. [7] state that the available data are quite inconsistent with all Qi==o 
apart from , Ginzburg and Syrovat'skh find this an acceptable hypo¬ 

thesis. 

Thus these parameters need to be experimentally determined with enhanced 
accuracy and other components studied for which — 0. Some such com¬ 
ponents are ®H, ®He, all the i-nuclei, preferably with each element considered 
separately, and j&’-nuclei. In addition it would be of great interest to detect 
examples of radio-active nuclei, since they would indicate the rate at which 
these fragmentation processes occur. Examples, in order of ascending lifetime, 
are (T--.12y), (T--5600y) and (r--2.5 •10'> y). 

8’3. Pxtra-galactie origin. - The energy density of the cosmic radiation 
in the vicinity of the earth is approximately equal to that of star light 
(0.6 eV/cm®). Thus energetically it is very difficult to accept that an ap¬ 
preciable fraction of the cosmic radiation permeates all space. Instead it is 
usually assumed that the particles are to a large extent confined to the galaxy, 
either by magnetic reflection, or by nuclear absorption during diffusion. How¬ 
ever, such processes can only be applicable if r, the radius of curvature, is less 
than the dimensions of the individual magnetic fields in the galaxy. So r must 
certainly be less than 10®® cm, (cf. the galactic radius of 6 • 10®® cm), which 
in a field of 3 • 10“® gauss, implies that R must be less than 10® GY for particles 
of galactic origin. If the dimensions of homogeneous fields are appreciably 
less than galactic dimensions, then this limiting rigidity must also be ap¬ 
preciably smaller. The observations of extensive air showers are claimed to 
have proved the existence of particles with i?>10» GY, irrespective of whether 
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they are protons or heavy nuclei, and show that even these particles do not 
have any measurable isotropy. Thus it is hardly conceivable that these par¬ 
ticles are of galactic origin, and any consideration of the practical difficulty 
of containing particles in magnetic fields, strongly indicates that an appreciable 
number of the higher rigidity particles may have originated outside our own 
galaxy. Consideration of possible accelerating mechanisms also suggest that 
these nuclei can only attain their vast energies in regions of extra-galactic 
dimensions. 

9. - Future experiments. 

At rigidities above about 10® GV the extreme rarity of particles imposes 
the necessity of using the earth’s atmosphere as a magnifier of the effects 
produced by the arrival of each one. Consequently observations have to be 
made below the atmosphere on the secondary products. At lower rigidities 
particles can be detected directly, and experiments on the relative abundances 
and rigidity distributions of the various components must involve detectors 
carried on space vehicles and very high flying balloons. It is therefore worth¬ 
while considering the characteristics of these carriers in terms of their ap¬ 
plicability to specific experiments. 

1) Balloons can, or will shortly, carry loads of up to one ton to altitudes 
where less than 2 g/cm^ of atmospheric matter lie above the detectors, 43 kin. 
For many purposes, though not all, this is essentially equivalent to placing 
the load above the atmosphere. This equipment can generally be recovered 
for analysis, after a flight whose duration may be as much as (24-4-36) hours,, 
but which is more usually about 10 hours. During this flight the balloon 
usually remains closely above its original isocosm, due to the general East-West 
nature of the atmospheric circulation, so that the threshold rigidity imposed by 
the geomagnetic field is constant. This feature can be of considerable impor¬ 
tance in some experiments. The ascent of the balloon to these very great 
altitudes takes several hours, which may introeuce somewhat uncertain cor¬ 
rections in detectors which have no time resoludon, such as emulsions, This, 
slow rise time also limits the usefulness of hallotis in observing transient phe¬ 
nomena, such as flare increases, whose effectsonay be first detected at sea 
evel, by, for example, neutron monitors or rmeters, 

2) Satellites can, or will shortly, carry loads of several tons to altitudes 
where they are above the atmosphere and keep them there for a time whose 
usefulness is generally limited only by the availability of power supplies. The 
recovery of this load is feasible but not easy, so that telemetry of the data is 
desirable. The limiting rigidity of those particles able to reach the satellite 
while it is in orbit almost certainly varies considerably, unless the altitude is. 
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SO great that the threshold is very small, Both in principle and practice ex¬ 
periments on satellites are far more complicated and expensive than those on 
balloons, so that any experiments which can possibly use balloon-carried equip¬ 
ment should do so, in spite of the greater glamour of satellite experiments. 

3) Space probes have, for cosmic ray experiments, capabilities simila’ 
to satellites except that they can place equipment sufficiently far from the 
earth that its influences, as a source of magnetic fields and albedo particles, 
can be neglected. In addition, they can be used to investigate the conditions 
of appreciable regions of the solar system, which is certain to be of impor¬ 
tance in elucidating the nature of the solar modulation process. 

Specific experiments may be listed under several headings: 

1). Experiments relating to the eharge distribution, between the lowest obser¬ 
vable rigidities and about 16 GV, the equatorial gsomagneMe threshold. — In this 
rigidity range the information on the abundances of the various components 
could still be considerably refined by the use of well established techniques 
on detectors flown on balloons over various isoeosms. Of particular interest are: 

a) The charge distribution at very low rigidities, ii;<2.0GV. As was 
seen in Section 4 there is some uncertainty regarding the relative abundance 
of the various nuclei at these rigidities. These nuclei should be studied in 
emulsions and counter arrays flown to great altitudes under conditions of low 
cut-off rigidities, i.e., near the magnetic poles, In particular the relative numbers 
of protons need to be investigated in detail, preferably using some detector 
other than the C-S array so as to check its findings. In addition, the obser¬ 
vations that suggest the presence of solar protons at it? < 0.7 GV, need to be 
confirmed and extended to other nuclei, although whether such experiments 
can really be regarded as part of the study of the cosmic radiation seems 
doubtful. 

h) The charge distribution at equatorial cut-off rigidities. The relative 
abundances are not particularly well known at these rigidities, but are of 
considerable interest as representing a sample at the highest rigidities where 
the geomagnetic field provides a tlireshold. A comparison of relative abun¬ 
dances at these rigidities with those at very low rigidities would provide a 
sensitive test of any abundance changes, since few of the particles with 
B>2 GV, say, have B > 16 GV. The use of orientated detectors might enable 
this upper rigidity limit to be raised by a factor of about two as the threshold 
in the east is greater than that in the vertical direction. 

Improved techniques of charge and mass identification are urgently needed 
in the determination of the abundances of individual elements and isotopes, 
since current techniques are only just able to resolve mass differences as great 
as that between ®He and ‘He, and charge differences below .Zr>10. The de- 
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velopmeiit of a miclear emulsion magnetic spectrometer miglit provide the 
necessary mass resolution, although this would require the use of large and 
powerful magnets and would only he applicable to low rigidity nuclei. The 
inherent defects of emulsions probably limit the degree of charge resolution 
obtainable in these detectors, and it will be necessary to develop counter 
techniques to achieve notably better results. Of special interest in such experi¬ 
ments would be the determination of the abundances of those isotopes or ele¬ 
ments, other than i-nuclei, with Qi — 0, such as ^H, »He, ^“Be and F. Since 
some at least of these nuclei will be comparatively rare, and apparatus capable 
of high precision mass or charge measurements may have small collecting areas, 
balloons may not provide exposures of sufficient duration; thus imposing the 
necessity of using satellites. For the emulsion spectrometer these satellites 
would have to be placed in orbits where they spend a maximum amount of 
time in regions of low threshold rigidity, and would have to be recoverable. In 
either case care would have to be taken to see that these orbits did not inter¬ 
sect the radiation belts, which would blacken the emulsions. 

Another class of nuclei which should be investigated are those heavier than 
'>^^-nuclei. These, because of their large interaction cross-sections, should be 
particularly sensitive to the amount of interstellar and interplanetary matter 
traversed, and measurements of their abundances should help to decide between 
conflicting theories of the acceleration mechanism. Already their apparent 
rarity suggests that a process in which heavy nuclei are preferentially acce¬ 
lerated is somewhat unlikely. Because of the low intensity, 10“* that of the 
nuclei, if similar to the cosmic abundance, such investigations will have to 
be done on satellites, which should preferably be in orbits where no nonrela- 
tivistic particles can enter the detectors, thus greatly simplifying the deter¬ 
mination of charge. If Cerenkov counters are used this would not be neces¬ 
sary, since these impose their own velocity cut-off. 

Experiments of the sort described above will have to be made over an 
appreciable period of time in order to see whether there are any changes in 
the relative abundances during the solar cycle, as well as to investigate the 
changes in the rigidity spectra produced by solar modulation. Measurement 
of these modulation effects appear to offer the best means of studying the 
processes involved, and thus determining the form of the galactic rigidity 
spectrum. Observations with space probes of the magnetic field configurations 
and strengths should also provide information on this subject, suggesting for 
example, valnes for the parameter’s nsed in Elliott’s model. It is conceivable, 
although perhaps not very likely, that space probes could be used to inves¬ 
tigate the galactic radiation directly, by placing detectors outside the solar 
sphere of influence. 

Abundance changes would indicate the presence of solar particles, and might 
he expected if there is an appreciable solar component having jB>0.7 GV, 
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since it is unlikely that solar-produced particles should traverse the same 
amounts of matter as those of galactic origin, or even that the source abun¬ 
dances are similar. As an immediate programme, the considerable data ob¬ 
tained during the recent IGY should be compared with similar measurements 
made during the forthcoming IQSY. 

In addition to such long term variations there may also be short term fluc¬ 
tuations of a diurnar or irregular nature. An example of irregular variations 
are those which occur during flare increases, about which detailed information 
is still seriously lacking. Similarly some workers, e.g. Yn&ve [65], though 
not all, have claimed to have detected appreciable day-night fluctuations in 
the intensities of slow JEf-nuclei, which could not, from the sea level data, have 
been accompanied by similar variations in the intensities of protons or oc-particles 
of the same rigidity. Such variations could occur without being detected at 
sea level, aiid might be expected to be of the greatest magnitude for these 
heavy nuclei, if they are of solar origin, since they are least able to traverse 
matter without being broken up, and therefore have the smallest proba¬ 
bility of being rendered isotropic by any available mechanism. Similarly 
Meyer [66, 67] has reported variations in 7],^ during the duration of several 
balloon flights. 

With the advent of satellites and very high flying balloons it is clear that 
measurements of the charge distributions should not be undertaken in ma¬ 
terial exposed under more than 5 g/cm® of matter since the uncertainties 
introduced by the corrections for this amount are excessive by present standards. 
For example under 5 g/cm^ some 30 % of the incident 'V ^-nuclei have already 
interacted and must be corrected for. This is particularly true for investi¬ 
gations into the abundances of individual elements or isotopes, as the know¬ 
ledge of the propagation parameters for such nuclei is extremely sparse, and 
likely to remain so for some time. 

2). The fragmentation parameters. — The interpretation of the charge dis¬ 
tribution observed near the earth depends on the propagation parameters, 
Af, Pij, in interstellar space and, in the three-dimensional case, on Z), the 
diffusion coefficient. Mean free paths in hydrogen, the predominant inter¬ 
stellar material, can be measured with artificially accelerated, particles, while J) 
depends on astronomical evidence. However, the present values of the frag¬ 
mentation parameters depend on measurements made in emulsions and on 
radio-chemical analyses of targets bombarded with artificially accelerated pro¬ 
tons, Both these methods are open to criticism, and by their nature cannot 
be capable of giving precise values of these parameters. Preferably measure¬ 
ments will be made with separated emulsions exposed to the primary radiation 
while immersed in liquid hydrogen. At present several groups, Bristol-St. Liouis 
Bombay, are making measurements in hydrogenous plastics which should pro- 
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duce appreciably improved values of these parameters in. the near future, but 
more experiments are needed. In particular the question of how these para¬ 
meters vary with energy needs to be considered in greater detail, over a much 
greater range of energies than used hitherto. 

3) . The charge distribution above 16 GV. - Above the equatorial threshold 
rigidity it is necessary to determine not only the charge but the rigidity or 
energy of each individual particle. In general measurements of the energy 
are not particularly precise and it is therefore not possible to investigate any 
detailed structure of the spectra, but only the gross features. In emulsions 
the characteristics of nuclear interactions may be used to indicate the energy, 
but, as pointed out previously, due to the small intensities of these energetic 
particles the detection of such interactions generally depends on at least several 
hundred GeY being transferred to the electromagnetic cascade, and it is ex¬ 
tremely difficult to detect nuclei of intermediate energies. Above #5;^ 10® GeY 
the intensities of X-nuclei are so small that exposures of much greater duration 
will be needed before reasonable statistics can be obtained. It seems probable 
that in this region of energies the use of gas filled Cerenkov counters exposed 
on satellites will make an importnat contribution. Some idea of the statistical 
problems of observing these nuclei can be obtained from the fact that an array 
with a geometric factor of 100cm®-sr, which is «s(10 times, that of the C-S 
array and roughly equal to that of a typical emulsion stack, would expect 
to observe one X-nucleus with M > 10^ GY every ten days. 

At still higher rigidities observations of the charge distribution can only 
depend on the development of criteria for distinguishing between extensive 
air showers induced by individual nucleons and nuclei. For example, Muhthy 
et al. [68] have pointed out that air showers initiated by heavy nuclei should 
be accompanied by bundles of nucleons in the core of the shower, and that it 
should be possible to detect these, although, as Greisen [54] remarks, whether 
these will be left with high energy after passing through 6 to 12 interaictions 
lengths is doubtful. Alternatively the presence of heavy nuclei might be re¬ 
vealed by measurements of the attenuation lengths of the producing particles 
made relatively near the top of the atmosphere, i.e. under one or two atte¬ 
nuation path lengths from aircraft. A discussion of these problems has been 
given by Greisen [54]. Continuing studies of the physical processes occurring 
during these very higy energy interactions should help in the elucidation of 
the nature of the primary particles. 

4) . The form of the energy or rigidity spectra, ~ As was shown in Section 6 
there are considerable ambiguities in the experimental determinations of the 
energy spectrum at high energies, even apart from the uncertainty in the 
composition. Over the whole range there should be a careful search for any 
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signs of a « break » or sharp change in the form of the spectram, such as could 
arise from the superposition of radiation from more than one source, even 
though experimentally any such discontinuity will only reveal itself as a rela¬ 
tively gradual change in slope. Of particular interest would be the demonstra¬ 
tion of a high energy cut-off, indicating as it would a limitation of the acce¬ 
leration mechanism. The difficulty of such a demonstration is shown by the 
fact that even if Greisen’s spectrum, rather than that of the MIT group, is 
correct, the number of extensive air showers produced by particles with 
TJ > 10^“ GeV expected to strike an array 1 square km in area is only one every 
second year. If the MIT spectrum is correct, then such an array would ob¬ 
serve one event of this energy every thirteen years. 

5). The spatial distribution, - Observations on the possible existence of 
a sidereal variation need to be refined, as the demonstration of a finite effect 
would provide strong indicative evidence of the nature of the propagation of 
the cosmic radiation. Such an effect would be expected, a priori, to be most 
prominent for the very high energy, > 10® GeV, nuclei and observations of 
high statistical weight are needed on these nuclei. It is possible, however, 
that such a variation may exist at some intermediate energy, characteristic 
of the commencement of serious leakage from the galaxy, and that the higher 
energy particles of extra-galactic origin will show no effect. Thus measure¬ 
ments of variations should be made over the whole range of energies. 
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Appendix I 


The calculation of intensity ratios. 

As was shown in Section 4, if the integral energy spectrum is assumed to 
be given by eq. (5), then it is possible to derive an expression for the integral 
rigidity spectrum, eq. (S). For a-particles, this expression for the integral 
energy spectrum appears to be valid from 0.5 up to at least 10® GeV per 
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nucleon. Por the galactic radiation this lower limit may well be less, if m{]3) 
eq. (7), is of only local significance. * ’ 

Using these equations, expressions can be derived for the ratios of the 
abundance of various nuclei above a given rigidity, energy per nucleon 

FiiiP), or total kinetic energy, PaiU). These derivations assume that all the 
nuclei have similar energy spectra, le. y is independent of Z. 

Then 


(1.1) 

and is constant 

( 1 . 2 ) 




4 

A, 




mcG'^ + JSj 




so that when which is the only case when PaiU) is of interest 


r„(U) = r„(jB) 


[{m»c=)* + (By(ZjAlY 


yl^ 


(1.3) 
also 

( 1 - 4 ) r„{B) = r„(B) 

so that when jBs>TO„e’ 

( 1 - 5 ) ru{B) = r„(B) 

and when 

r,,(i2)= ri,{E). 

under these assumptions it is not per- 
^ssitfie for Up«(i2) to be constant when R is not much greater than WoC% 
though it IS for all rif{R) values where 


Zi Aj 


Z^Aj 


ZiAj 


^ ^ otlier than protons, when it is assamed A = 2Z. 

denop Dok^d and Webbee [2] have presented evi- 

oSes i2<4.6GT, when eq. (l.B) certainly 

with the ennppT.r^if'^ approximation. If this observation is to be reconciled 
that V the nowp-i. ' ^ energy power spectrum then it must be assumed 

expeSienta^y to S oon^alt ^ since y. is known 

Then 


^ [(moo8)3 4- (■R)V 4]V^ 
[(Woca)2-h (JS)^v7r 


(1.7) 
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where Jp is a constant, defined, in eq. (5) when >'p = ya and 


( 1 . 8 ) 


Aa(^) 


A 


(moC“ H- JE]y'=^~vp 


a 


Thus, if /Va(-jR) is constant 


(1.9) 



log 4[ (moC‘^)=^ H- ( -R)V4] 

iog[(moc2)2 + (J?)2] 


so that when 

(1.10) yp = 7a 

and, as before, (I-l), 


Obviously, howeyer, eq. (1.9) cannot hold at very low rigidities, as 7 p->c>d 
as (JS) 2->1 — (moC')2. As an example, when i2 = lGY, 7 p = 2.39 7 a. It is, 
in any case, inappropriate to consider much lower values of R than 1 GV 
since the experimental evidence for the constancy of only extends down, 

to > 1 GV. 

In practice r-oa.{B) is calculated from an observed proton flux and a cal¬ 
culated a-particle intensity, since the oc-particle energy spectrum is better known 
than that of the protons. Thus, for example, at JB > 4.5 GV the proton intensity 
is 610 proton/m‘^ sr s with jB7>3.6 GeV, while the a-particle intensity is 88 
a-particles/m*^ sr s with JS> 1.5 GeV per nucleon. From eq. (5), and assuming 
7 = 1.5 these figures imply an a-partiele intensity of 34.4 a-particles/m® sr s with 
JS > 3.6 GeV per nucleon, and thus /^pa(jS7)17.7 at jE7>3.6GeV per nucleon. 
At J2>4.6 GV, 7 p = 1.047a, (1.9), and so Fj^xiR) at high energies is, from (1.8) 
equal to 18.4. 

Fj,xiF) at high energies can also be determined from (1.5) if F^aiR) is known. 
Assuming r'pa = 7.0 i:0.4 for results where R is not too small, Fj,x{R) = 
= 19.8 ±1.2 if all the a-particles are *He-nuclei, but will be less if there are 
*He-nuclei as well. 

A completely alternative approach is provided by the experimental fact 
that the data on the intensities of a-particles can equally well be expressed 
as an integral rigidity spectrum of the form 


Figure 16 shows how good a fit this equation is for 2.6 < JR < 16 GY- and that 
it is no way inferior to the derived integral rigidity spectrum, eq. (8). From 
this figure, v <=« 1.15, which suggests that this spectrum will not fit the data 
at higher rigidities. However, the use of eq. (I.ll) leads to some interesting 
results. 
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Fig. 16. - The integral rigidity Bpectrum of a-partiolea using intensities taken from 
Waddington [8]. Curve 1 shows eq. (1.11), while curve 2 shows eq. (8), the derived 

integral rigidity spectrum. 


From eq. (1.11) it is possible to derive an integral energy spectrum of 
the form 


( 1 . 12 ) 


r / jp \ _ 

^ ~ + 2moC2)]’’/2 


and from (I.ll) and (1.12) it appears that 


(1.13) 

(1.14) 
and 

( 1 . 15 ) r,,{U) = 

so that when 

(1.16) 


r,j{B) = 


Aj 


r„(B) = rt,(R) 


Zi Aj 


and is constant, 


and is constant if v is 




-f- 2mo0^) 


r„(V) =a,(-®)(4^Y 

'\^i) 


and is constant. 
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Thus on this approach, both FaiJR) and Fij{E) appear to be constants, and 
there is thus no necessity to assume v varies sharply at low JR. However, from 
a comparison of (1.11) with eq. (6), the integral energy spectrum, it can be 
seen that when JE ^ moO^ 

(1.17) y = v 

and so v must vary between 15 GV where it is ^ 1.16, and higher rigi¬ 
dities, where it is 1.6. Consequently FaiJE) is variable after all, as it must 
be from the energy spectrum analysis. 

The integral rigidity spectrum is thus not as good a fit to the data over 
as wide a range of rigidities as is that spectrum derived from the integral 
energy spectrum. Therefore, this integral energy spectrum still appears to 
be more basic in its description of the physical situation, although its form 
for the galactic radiation is not well determined at low energies. 


Appendix II 


The effect of ®He-nuclei on the a-particle energy spectra. 

Experimentally the quantities observed are: 

i) Residual range in emulsion, q. Here the kinetic energy per nucleon, 
JE is given to a reasonable approximation by 

{II. 1) jE7=0.25 

where E is in MeV per nucleon and q in microns. 

As a consequence a *He nucleus which is erroneously assumed to be a 
^He-nucleus, will have its energy %nd«?restimated by a factor of (4/3)®-®®. 

ii) The multiple Coulomb scattering in emulsion. Here the quantity fP, 
where ^ is the momentum and /? is the particle velocity, is given by 

(11.2) pP = ZKj'^ , 

where K is the scattering constant and oc the scattering parameter. Thus 
if .pj^ is the momentum per nucleon 

(11.3) vx’? = |-| . 

As a consequence a ®He nucleus will have a value which is underesti¬ 
mated by a factor of 4/3. Over the range of energies, (100-r700) MeV per 


\o-88 
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micleon, of interest, E is approximately proportional to and so the error 

in E is also about 4/3. 

iii) The rate of energy loss, dJS/da;, in a scintillator or emulsion. Here 
(II.4) 6.EiaxocZ^I/3^ 


in the range of energies of interest. Thus a ®He nucleus will have the same 
d-B/da? as a ^He nucleus when it has the same velocity as the "iHe nucleus, 
i.e. when it has 4/3 times the energy. So the energies of ®He nucleu are tmder- 
estimated by a factor of 4/3 but the energies per nucleon are correct. 

Thus all the common experimental methods of energy determination lead 
to underestimates of the true values for ®He nuclei. The correction that should 
be applied to the experimentally determined energy spectra can be calculated, 
if it is assumed that the ratio 


(II.5) 


_ *He 
“■ ^e + ^He 


is a constant independent of energy over the narrow range of energies involved. 
Then if dt7/dB = /{-B) is the function observed assuming that all the a-par- 
ticles are ^He nuclei, and or is the error made in the energy estimate by this 
assumption, 

(11-6) • 

and 

(II-7) = 


where J 4 is the intensity of the ^He nuclei and is the intensity of ®He nuclei. 
Hence 

(II. 8 ) (+ V 

is the true differential energy spectrum. 

Figure 10 shows i{E), eq. ( 6 ), together with the resultant value of 
when = The correction can be seen to be rather small, in any case ap¬ 
preciably less than the statistical uncertainties of the experimental points. 
It should be noticed that these points have not been corrected for any ^He 
present, and have been determined by various experimental techniques. 

These uncertainties can be almost completely removed by expressing the 
results as a rigidity spectrum, since in calculating rigidities values from exi^eri- 
mental energy or momentum values the rigidities of the ®He nuclei are over- 
estimated by a factor of 4/3, this largely cancelling the previous understimate 
of the energy or momentum. 
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Use of Solid-State Detectors as Energy Spectrometers 
for Cosmic High-Energy Particles. 

J. Labbyrie 

Service d^Mleetronique Physique, Centre d'Etudes Nueleaires de Saclay - Saclay 


1. - General properties. 

Three or four years ago a new type of nuclear particle detector was deve¬ 
loped: the solid-state junction detector. 

At the present time it looks like a flat cylinder, with a surface about one 
square centimeter, and a height which has an order of magnitude of one milli¬ 
meter. 

The material is a semi-conductor of high resistivity, silicon in most cases. 

On each flat side, an electrode is deposited, and a dilference of potential 
of about 100 V is applied between these electrodes. When a nuclear ionizing 
particle crosses this silicon piece, an electric pulse appears between the two 
electrodes. 

This device acts as an ionization gaz chamber. It may be used as such, i.e. 
as a detector of nuclear particles, it may be also used to measure the energy 
lost by the particle in the detector, by measuring the amplitude of the pulse 
produced. 

One can find in recent litterature many papers on the properties of this new 
kind of detectors, and, also, description of how to make them. 

Last year a number of papers illustrating the state of development of the 
technique was collected in the Proceedings of the Oatlinhurg Congress [1]. 

Several advantages appear, at once, over the ionization gas chamber or 
counter: 


1) Being a solid, the density of matter is about one thousand times as 
great as in a gas chamber or counter, and it follows that by unit length of path 
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of tte particle tlie number of ions produced would be a thousand times higher, 
if the mean ionization per ion pair loss were the same. 

2) But, this loss is about ten times lower in solid state detectors that 
in gas detectors (for instance only 3.65 eY are needed to produce one ion pair 
in silicon, instead of about 35 eY in air) and consequently, the number of ions 
produced per unit path length of the particule trajectory will be about ten 
thousand times greater than in a gas. 

This has enabled people to plot beautiful a energy spectra, where lines are 
about three times narrower than those obtained with gas chambers. 

3) There is no « wall effect » as in gas detectors: the solid state detector 
may be surrounded by air or may be, as well, in vacuum, and by this way, 
many parasitic effects are absent. 

4) The duration of the pulse is very short: 10~® s is a frequent order of 
magnitude. In very thin solid state detectors,, half of the whole amplitude of 
the pulse can be obtained in less than 10~“ s. This may be an advantage when 
one has to fight against numerous background pulses. 

Until recently however, it was not possible to use these detectors for de¬ 
tecting particles producing a very small ionization, such as y-rays or very 
fast particles which are in vicinity of the ionization minimum. This was due 
to the fact that these solid state detectors had only a very small thickness, 
about fifty microns, and that they had also a parasitic current between the 
two electrodes: the possibility of detection failed when the current due to 
the ionization process had about the same value as that of the parasitic cur¬ 
rent. 


2. - High-energy particles detection. 

Ifow, things have changed and we are able to make crystals of big thick¬ 
ness (several millimeters), and of very high resistivity; this last result has been 
obtained by compensating impurities which gave parasitic current by specially 
added atoms; lithium, for example, is a good compensator for highly purified 
commercial silicon. 

I will give now some results obtained in the field of energy spectrometry 

of very energetic particles, such as protons or mesons in the 0.5 to 1.5 GeY 
range of energy. 

First results have been given by Miller, Foreman, Yuan [2], of Brook- 
haven National Laboratory, by Yan Puttbn, Yander Yblee [3] at University 
of Michigan, and by Koch, Messier, Yalin [4] at Saclay. Very recently the 
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3?ig. ,1. - dJE/dcc-ys. momentum for pions 
and protons in silicon: ^ experimen¬ 
tal, -— calculated curve from Ros¬ 

si’s formula, with «density correc¬ 
tions » for silicon. 



Fig. 2. — Line spectrum of pions and 
protons of 0.616 GeV/c, NIP silicon 
diode, e — 4.93 mm parallely to the 
junction plane. 



Fig. 3. - Line spectrum of i>ions and 
protons of 0.787 GeV/c, NIP silicon 
diode, e=4.93mm parallely to the 
junction plane. 



Pig. 4. — Spectrum line of protons 
of 1.0 GeV/o, lithium-silicon diode, 
e == 0.23 mm. 
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latter authors have obtained, at Saclay, the specific loss of energy of relativ¬ 
istic mesons and protons as a function of momentum., for silicon. 

The Fig. 1 shows this curve: between 0.6 and 1.5 GeV/o, the experimental 
specific dJE7/da? expressed in MeV/g/cm® decreases from 4.0 to 1.6 for protons. 
In, the same range of energy, the pions -f and —, which are at minimum 
ionization give a constant dEjdx, equal to 1.27 MeV/g/cm®. 

On this curve Koch et al. have plotted theoretical values obtained by taking 
in account the density effect, calculated from Sternheimbb [5] and with an 
ionization potential of 179.5 eV. There is a small constant difference of about 
4% between theoretical and experimental curve, which has not been com¬ 
pletely explained till now. 

In Fig. 2 and 3, we can see typical spectral lines obtained for monoener- 
getic lines of protons and pions having the same momentum, respectively 
615 MeY/c and 787 MeV/c. 

These curves have been obtained with « NIP » junctions where the elec¬ 
trodes were respectively boron-doped and phosphorus-doped silicon, and the 
sensitive part was highly pure silicon of resistivity 24 000 ohm-cm. The thick¬ 
ness crossed by the particle was 4.93 mm. 

On Fig. 2 one can see, for example, that the energy lost by 615 MeV/o 
momentum particles in this silicon thickness is 1 53 MeY for pions and 4.15 MeV 
for protons. 

On Fig. 4 one can see the peak due to protons having a momentum of 
1.0 GeY/c, crossing only 0 23 mm of such a silicon detector (*): it looses suffi¬ 
cient energy, however, (0.127 MeY) to give a very good measurement of the 
momentum of these protons, using the plot of Fig. 1. 

The peak width at half-height is about 20% at 1 GeY, which corresponds, 
to the Landau effect for a 1 GeY proton loosing 0 .127 MeY. 


3. — Precision of energy determination for protons at minimum ionization. 

At an energy corresponding to minimum ionization, particles with one 
electric charge loose 316 keY/mm of Si, or 1.30 MeY/g/cm® giving 90 000 ion 
pairs per mm of Si. 

In a typical diode of 1 mm thickness having a capacity of about 10 pF/cm*^, 
the impulse height obtained by a particle at minimum ionization per mm of 
path in silicon is l.dl-lO-^Y. 

As in all ionization devices, the energy discrimination is not possible in. 
the vicinity of energy corresponding to minimum ionization. 


(*) Density: 2.4 g cm-^. 
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But for energy smaller than that corresponding to minimum ionization 
the energy loss per mm of Si increases very quickly when energy is decreasing, 
and the energy discrimination becomes very precise. 

As we can see from the table, for example, one proton having a mo¬ 
mentum of lOOOGeV/c looses about 0.5 MeV/mm and produces 140 000 ion 
pair/mm, and a proton having a momentum of 1.478 GeV/c looses 0.380 MeV/mm 
and produces 108 000 ion pair/mm. 


Table I. - Energy loss and ion pairs produced in 1 mm of Si. 


Range 

pp 


Tu meBoiiB 


protons 

(mm) 

(MeV/c) 

MeY 

MeY/miri 

MeV/gcm2 

Ni/mm 

MeV 

MeY/mm 

MeV /g cm^ 

Ni/mm 

4.93 

615 

1.53 

0.315 

1.30 

90.000 

4.15 

0.84 

3.51 

236.000 

4.93 

787 

1.51 

0.310 

1.27 

85.000 

3.21 

0.65 

2.62 

183.000 

4.93 

984 

1.52 

0.312 

1.28 

86.000 

2.45 

0.5 

2.09 

140.000 

0.23 

1000 





2.43 

0.495 

2.08 

139.000 

4.93 

1478 





1.80 

0.378 

1.54 

106.000 


If we use an amplifier having a rise time of about 1 (xs and equivalent back¬ 
ground noise level of 13 keV, the overall background noise level of these 
diodes H-amplifier is about 16 keV, for a diode thickness of 0.3 mm having 
0.5 cm^ surface. With this diode we can discriminate at limit two ionization 
processes giving a difference of about 20 keV, or about 5 700 ion pairs. This 
would correspond to a precision in energy discrimination which is about 8 MeY 
or 0.8% for protons having an energy of about 1 GeV. 

However, due to the Landau effect, it is possible to separate two lines in 
1 GeY region of the proton energy spectrum only if they are separated by 
about 5 to 10 % (or 50 to 100 MeY) for a 6 mm diode. 


4. - Discrimination between two relativistic particles of different Z. 

It we now consider the problem of how to distinguish the Z number of 
two relativistic particles having energies above the minimum of ionization, it 
seems that the solid state detector presents some advantage over other devices. 
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If it would be possible to measure the 
total energy loss in the detector, calculations 
made by Latjzanne and Messier [6] show 
that with one silicon detector of 2 mm 
thickness giving djEJ/da? for particles of dif¬ 
ferent Z having energy from 1 to 100 GeV 
per nucleon it would be possible to discrim¬ 
inate Z, as we can see on Fig. 6. 

If only a few per cent of energy loss is 
measured by the detector (as is the case with 
nuclear emulsions) the problem of Z selection is more complicated. Calcu¬ 
lations are now in progress. 

Due to theoretical analysis of Landau’s effect several coincident detectors 
will probably give a better measurement of the most probable value of dJK/da? 
and will probably allow selection of the .Z’s of primary particles at ionization 
minimum. 


Pig. 5. — On the y axis the num¬ 
ber such as it is possible to 
discriminate between Z and Z — X. 


5. ~ Saturation. 

Measurements of the height of pulsesdu e to fission particles, using « NP » 
diodes [7] have shown that the saturation effects do not appear till at least 
an ionization loss of 30 MeV/mg cm®. 

As a singly charged particle looses 1.3 keY/mg cm®, that means that the 
solid state counter may be crossed by particles loosing 23 000 tindes more energy 
than singly charged particles without showing saturation effects. That means 
that we could observe, without saturation, particles having .^ = 150. 


6. - Surface of detection. 

It is possible to detect heavy relativistic particles, carbon ions for example, 
with a surface of about 2 cm®, with only one preamplifier (*). Relativistic pions 
give about 300 keV/mm and a relativistic carbon ion will give about 36 times 
more, or 12 MeV. The backgromid noise is 60 keY/cm® and will be about 
3 MeY for 30 cm® diode. The ratio of signal on noise will be about 200 times 
smaller as for a one cm® diode. We can see from above that the 12 MeV 
ionization loss due to carbon ions will be the limit of detection, giving a 
signal on noise ratio equal to unity with a 30 cm® diode. 


(•) Charge preamplifier where the output signal is proportional to the quantity of 
charge lost in the detector and is independent of sufficiently low input capacitance. 



USE 01* SOLID STATE DETECTORS AS ENERGY SPECTROMETERS ETC 


193 


REFERENCES 


£1] 'ProGeedings of tlie Seventh Annual Meeting, in I.H.jEJ. Trans., 8, 1 (1961). 

[2J G. Li. Miller, B. M. Foreman and Lr. C. E. Yuan: I.B.B. Trans., 8, 1 (1961). 

[3] JT. D. Van Putten and J. C. Vander Velde: I.B.E. Trans., 8, 1 (1961). 

[4] L. Koch, J. Messier and J. Valin: Ilnd. International Symposium on Nuclear 

Electronics (Beograd, May 1961). 

£5] E. M. Stbrnhbimer: FJiys. Mev., 115, 137 (1959). 

[6] C. Lauzanne and J. Messier: private communication. 

[73 L . Koch, J. Messier and J. Valin: Compt. Bend. Acad. Sci., 251, 2912 (1960). 


13 - RendiconU S.I.F. - XIX, 
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Introduction. 

At the time of their discovery, the Extensive Air Showers were attributed 
to electromagnetic cascades of primary electrons or photons. Not until several 
years later were they correctly correlated with the chain of events following 
the interaction in the'earth’s atmosphere of the primary nucleonic component. 
The common destiny of primary protons or heavy nuclei, interacting with the 
nuclei of the atmosphere, is to produce a shower of particles, whose develop¬ 
ment is dominated by the nuclear-active component. The depth at which 
the shower will reach its maximum, and its size at different stages, is uniquely 
determined by the energy of the primary. The energy and lateral distribution 
of the shower electromagnetic component, which constitutes the bulk of the 
particles outside the « core», is mainly due to scattering and relatively low 
energy processes. If the energy of the initiating primary particle is high enough, 
the shower will reach the ground as a conspicuous phenomenon; usually w© 
refer as E.A.S. to showers with a total of ^ 10® charged particles at sea level 
(corresponding to a primary energy of >10® eY.) 

There are two main interests in investigating Extensive Air Showers. The 
first, more direct, to gain information on the high energy interactions in a 
region beyond the limit which it is possible to reach with accelerators 10^® eV 
at present and 10^^ eV as a best hope for the future), or with detectors 
flown at the top of the atmosphere ((10^®-T-10^^) eY). This requires a very de¬ 
tailed knowledge of the shower structure, and consequently a complex system 
of detection able to separate the various components and to determine their 
energy distribution, eventually at successive stages of the shower develop¬ 
ment. Such a system cannot be very large, and since events fall off rapidly 
with energy, results to date have been obtained only up to eV. 



EXTENSIVE AIR SHOWERS 


195 


The second interest is related to the investigation of the far energy spectnim 
of the primary Cosmic Kays, their direction of arrival from the Celestial Sphere, 
their composition and so to the general problem of the origin of the Cosmic 
Radiation. In this case, E.A.S. are used mainly as a technique of detection, 
more than for the sake of the phenomenon in itself. Counting rate requirements, 
and so sensitive area covered, is of primary importance; detectors are simpler 
and the relative spacing greater than in the preceding case. For individual 
events, the size is measured with less accuracy, sometimes within a factor of 
two. On the other hand high precision is not, at least for the moment, essential 
in a field in which many parameters are still undetermined to an order of 
magnitude. 

In this Seminar, I will describe some of the aspects of the technique of 
detection of large E.A.S., referring expecially to the M.I.T. installations at 
Volcano Ranch (New Mexico - U.S.A.). Unfortunately I will be able to anti¬ 
cipate only few of the results obtained with this array, the data being still 
in course of processing. Preliminary results will be communicated next Sep¬ 
tember at the International Conference on Cosmic Rays in Kyoto. 


1. -- E.A.S. and the cosmic ray primary energy spectrum. 

Experimental information on the primaiy Cosmic Radiation, derived by 
the direct detection of the primary particles themselves, does not go beyond 
about 10eV. The value of the intensity for the incoming flux {J{B) >10^3 eV) 
10”® S”^ cm“® sr~^) and the steepness of the integral spectrum {J oz put 
out of range detectors of a size wliich is reasonable to put at the top of the 
atmosphere or outside it. To reach higher energies we have to turn to some 
kind of geometrical amplifier to compensate for the small intensity with a 
large sensitive area. Furthermore, it will help substantially to subdivide the 
incoming energy in as many as possible secondary particles in order to make 
a calorimetric type of measurement of the energy released. It is exactly what 
the atmosphere does through the E.A.S., allowing us to make our measure¬ 
ments on the ground, with no limitations of time, weight and space, if not of 
money to invest in detectors and people to run them. 


2. - The M.I.T. « E.A.S.» program. 

In the last ten years, investigation of the E.A.S. has been one of the main 
projects of the M.I.T. Cosmic Ray group directed by Bruno Rossi. The pri¬ 
mary purpose of the experiments, developed in successive steps, has been the 
study of the primary Radiation for the sake of information which it is possible 
to obtain about the problem of the origin. The secondary purpose, neces- 
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sary on tlie other hand to cover the first, has been the analysis of the structure 
of the showers themselves. 

The line followed is the one of obtaining as much complete information 
as possible about each shower detected. The experimental method is a com¬ 
bination of « fast timing » and « density sampling ». The first is based on the 
fact that the shower front is rather well defined, the bulk of the particles being 
concentrated in a thin disc normal to the axis and travelling along the axis 
with nearly the speed of light. The direction of the axis, and of the primary, 
is determined by the relative arrival time of the shower particles at several 
widely separated detectors. The « density sampling » is based on the fact that 
the particle density in a shower is radially symmetric and decreases mono- 
tonically with distance from the axis. This allows the reconstruction of the 
shower by analysing the pattern of particle densities registered by the same 
detectors used for timing. 

The ideal array of detectors would cover the complete area struck by par¬ 
ticles belonging to the shower and be subdivided in an almost infinite number 
of sections. In practice, for sizes above 10® particles at sea level, this is never 
possible, the total number of detectors and their surface being limited by prac¬ 
tical and technical reasons. In planning an array of detection, there are two 
determining factors: 

a) the range of sizes to be investigated, 

1) the expected counting rate in this range. 

Having already some information on the lateral distribution of the par¬ 
ticles on the shower front by extrapolation from preceding experiments (and 
this establishes a natural line of experiments, &om smaller and more numerous 
showers to bigger and less frequent), 6 to 10 points with measured density 


Table 


Experiment 

Location 

Type of detector 

Array 

Agassiz [1] 

Harvard (Mass.) 

180 m.a.s.l. 

O.Om^xlOcm 
plastic scintillators 

Pig. la 

Alto [2] 

La Paz (Bohvia) 

4 200 m.a.s.l. 

Same as above 

Pig. 16 

Volcano Ranch I [3] 

Albuquerque (N.M.) 

1800 m.a.s.l. 

4- 0.9 m® X 10 cm 
plastic scintillators 

Pig. Ic 

Volcano Ranch II 

Same as 

5 above 

Pig. Id 


1 
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are enougli to reconstruct tlie shower size within a factor better than two, 
provided that the number of particles detected at each point is larger than 
at least 20. The condition of 100% efficiency, computed for vertical showers 


for the minimum size JV to he 
detected, fixes the area and the 
relative spacing of the detec¬ 
tors. The total number of de¬ 
tectors, and so the area of ac¬ 
ceptance, is related to the min¬ 
imum counting rate necessary 
to reach a significant statistics 
in a reasonable time. 

A general condition on the 
type of detector used for the 
« total density sampling » is to 
be such as to not produce 
transition effects for the parti¬ 
cles in the shower front. For 
this reason, light element de¬ 
tectors such as plastic scintil¬ 
lators have been used. 

In Table I are listed the 
main data concerning the M. I. T. 
« B.A.S. » experiments for the 
investigation of the primary 
Cosmic Ray energy spectrum. 



and in Fig. 1 sketches are given 


Pig. 1. - E.A.S. arrays. 


Max. area Range investigated 

0.2 km2 5-1015 eV-^5 1018 eV 

' 0.35 km® Same as above 


Time « on » 


20 months 


Nb. of showers 
accepted for analysis 

500 


Still in operation 



10" eV-j-10i« eV 


months 


10 km® 


> 1019 eV 


Still in operation 
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of the geometrical disposition of the different arrays. Figure 2 illustrates the 
"block diagram of the electronics associated to the array Volcano Ranch I; a 
similar set-up is used in the other experiments. The shower data, derived 



Pig. 2. — "Volcano Ranch I Electronics Block Diagram. The signals from the four 
sections of each detector are added (a) and transmitted by coaxial cable (b, c); the 
electrical length of the cables from the different detectors are equalized j after 
amplification (e), the pulse goes to a pulse splitting circuit (/) which allows a dynamical 
range 1 -^5000 particles through the 4 channels: I) attenuation by 400, no delay; II) atte¬ 
nuation by 50, 1 (AS delay III) attenuation by 8, 2 ^s delay; IV) no attenuation, 3 (jls 
delay. The signal is then stored for —^ 5 (xs (g) and after a last stage of amplification (h) 
reaches the cathode ray oscillographs (i). The coincidence circuit (1) triggers the common 
C.R.O.’s sweep and intensifier. The detectors are continuously calibrated (w). 


from the scanning of the film monitoring the Cathode Ray Oscillographs con¬ 
nected to the individual detectors, are processed by an high speed electronic 
computer. 


3- - Recent results on E.A.S. 

The results quoted in the following have to be considered as very preli¬ 
minary, the complete analysis not having yet been completed; they refer to 
a six months run of the array Volcano Ranch I [3]. Figure 3 gives the Size 
differential vertical spectrum. The integral energy spectrum given in Fig. 4 
is deduced from a cascade model eilahorated by S. Olbert [4]. 
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An immediate feature of the spectrum is the absence of any indication of 
a cut-oj0E at least up to 10^® eV. The two largest showers observed have 
which corresponds to a primary energy > 10“ eV. 




Fig. 3. — Shower size differential vertical Fig. 4. — I’rimary integral energy spec- 

spectriim (Volcano Ranch I). trum. 


These two facts combined seem to us a very strong evidence for the exis¬ 
tence of an extragalactic component in the Cosmic Radiation. Extreme fluc¬ 
tuations can be reasonably excluded and, also if the primaries of all the large 
showers were heavy nuclei, their confinement in the galactic halo (not to speak 
of the galactic disk) should result by an unlikely combination of numerous 
factors. 

As for as the arrival directions are concerned, primaries seem to be iso¬ 
tropic at least up to 5-10’^®eV, where the statistics is high enough to draw 
some definite conclusions. 
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Electrons in the Galactic Cosmic Radiation. 
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1. - Introduction. 

It has long been recognized that at least some electrons should be found 
among the galactic cosmic rays. Bor example, electrons are produced, via 
Tt-fjL-e decay, from the secondaries of collisions between energetic protons or 
nuclei and the interstellar gas. In such a collision about 5% of the incident 
energy, on the average, is given to electrons (and positrons). However, it is 
known from the low relative abundance of the light nuclei (and from the 
existence of the very heavy nuclei) in the primary cosmic radiation that not 
more than a few grams cm”® of the interstellar matter has been encountered 
by an average cosmic ray particle. Thus it would seem that not more than a few 
tenths of one percent of the galactic cosmic ray energy should be carried by 
electrons unless there are additional electron sources. Indeed, one might expect 
even less because of the additional energy losses to which high energy electrons 
are' subject. 

Until very recently the only relevant experimental evidence has been the 
null result [1] of CRiTCHPiELn, ITey, and Oleska, published in 1952. In their 
balloon-borne cloud chamber the number of observed events attributable to 
incident electrons and y-rays was smaller than the number they expected as 
secondaries from interactions in the residual atmosphere. They concluded that 
not more than 0.6% of the incoming particles having energy greater than 
1 GeY are electrons or y-rays. 

The recent rapid advances [2] in radio astronomy have provided new evi¬ 
dence for the existence of highly relativistic electrons throughout the galaxy. 
It is now generally believed that the cosmic radio noise is due to the « syn¬ 
chrotron » radiation (also called magnetic bremsstrahlung) emitted by high 
energy electrons as they follow spiral paths about magnetic field lines in the 
galactic disc and halo. Brom the observed intensity of the radio noise in the 
3 m band it has been estimated that electrons in the galaxy have an average 
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energy density of about eV cm.-^ in tbe G-eV range. This compares with 
about 1 eY cm~» for the energy density of the galactic cosmic rays measured 
at our particular place in the galaxy. If we assume that the sun does not lie 
in an inaccessible region and that the electrons (as well as the nuclear par¬ 
ticles) may diffuse more or less freely between disc and halo, we might expect 
something like 1 % of the non-solar particles reaching earth to be electrons- 
Such an assumption clearly places limitations on any model for the propa¬ 
gation of cosmic rays in our galaxy, so a measure of the electron fraction i& 
of high interest. 

Recently two measurements [3, 4] have been reported by Earl and by Meyer 
and Yogt, respectively. The first is essentially a repeat of the earlier expe¬ 
riment by Critchmeld et al.^ but with higher-flying balloons. The second is 
a counter experiment, also at balloon elevation. These experiments, which 
will he discussed in some detail in a following section, indicate that of the 
order (1-^-3)% of the cosmic rays incident at the top of the atmosphere are 
electrons, though it is not clearly established that these are of galactic origin. 


2. - The evidence from radioastronomy. 

The stars and clouds of interstellar gas are largely confined to a disc about 
10® l.y. (light years) in diameter and something less than 10® l.y. thick. The 
structure and motions of the spirals arms, along which the stars and the gas 
are concentrated, have been revealed principally through observations [5] of 
the 21 cm line of neutral hydrogen. 

However, it is the radiation in the continuum with which we are concerned. 
Except for some discrete «thermal» sources, such as the planetary nebulae, 
the continuous radiation is characterized by a power-law frequency spectrum 
rather than by the Planck distribution expected for a radiating hot gas. This 
continuous, non-thermal radiation is emitted strongly from some discrete 
sources, moderately from the whole galactic disc, and weakly from a nearly 
spherical halo (polar radius 0.6 equatorial radii) surrounding the disc and 
having a volume of the order Y 3 • 10®® cm®. (Direct observations of the 
halo about our sister galactic system, M31 in Andromeda, made with the large 
radio telescope at Jodrell Bank, give strong support to the above description 
of our own galactic envelope.) 

The boundary of the halo is probably diffuse but within the volume V 
continuous non-thermal radiation [6] is emitted more or less uniformly and 
with an intensity (10-1-20)% of that from the region of the disc. The spectral 
distribution is given by the power law: 

I(v)dv= ?fci;'-*dr. 
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wliere a = 0.7 ±0.1, from both disc and halo, over a range of wave lengths 
from decimeters to 30 meters. The estimated power of this non-thermal radia¬ 
tion from the galaxy is P ^ 10®® erg s-^, more than 80 % of which comes from 
the halo. 

Shklovsky, in 1956, showed that the observed cosmic radio emission can 
be accounted for by assuming a galactic halo, filled with a tenuous highly 
ionized gas, whose concentration is of the order (10“®-^10“®) cm~®, and into 
which large scale magnetic fields (B is«2*10~® to 5*10“® Oe) are frozen. In this 
vast volume, electrons of an energy density w .01 eY cm~®, and with in¬ 
dividual energies in the GeY range, diffuse along helical paths, emitting syn¬ 
chrotron radiation. From the observed frequency spectrum it is possible to 
deduce that the electrons have a power law energy spectrum similar to that 
of the galactic cosmic rays observed at earth. (The relevant relationships 
between magnetic field, electron energy, and frequency of radiation are outlined 
in the next section.) 

Postulating such a magnetic field-filled halo is just what is needed as a 
■containment volume for cosmic rays and makes possible a theory of the ga¬ 
lactic origin of the cosmic rays. (Whether or not the highest energy cosmic 
rays can be contained within the galactic halo depends upon the dimensions 
and field strengths of the largest more-or-less regular field regions). 

The halo medium has not been directly observed, but some properties for 
it are suggested by astrophysical considerations. In order for the halo to be 
held out in an apparently stable shape against the gravitational attraction 
of the mass concentrated in the disc, it is necessary to ascribe to the gas par¬ 
ticles mean random velocities of the order 100 km s~^. This corresponds to 
a kinetic temperature of the order T 10® °K, so the gas is almost comple¬ 
tely ionized. Such a plasma of (mainly) protons and electrons has such a high 
conductivity that, with the large linear dimensions available, even a rather 
turbulent magnetic field configuration would have a decay time long com¬ 
pared with the age of the galaxy. 

If one assumes equipartition between the kinetic energy of the plasma 
particles and the magnetic field energy : 



from which 

B ?=« (2h- 5)-10-« Oe. 

The larger value, corresponding to an ion concentration of 0.1 cm"~®, gives a 
total magnetic field energy in the galaxy: 

Wjg 3 • 10®® erg . 
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Tliis is the same as the estimated total energy of the cosmic rays in the 
galaxy [7], assuming our observations at earth to provide a fair sample. This 
is stated only as an interesting observation as there is no obvious mechanism 
for achieving an eq[Tiipartition between the cosmic rays, the magnetic field, 
and the plasma. 

An independent hint that an ion concentration, n = lO-^ cm-^, is about 
right comes from the observed « break » in the emission spectrum at a frequency 
V pui 10’ S“^. The electrons dominantly responsible for emission at lower fre¬ 
quencies would lose energy by collisions with the plasma at a greater rate 
than by « synchrotron » radiation. 

The most convincing evidence that the cosmic radio noise is due to this 
latter process comes from detailed studies [8] of one of the discrete, non-thermal 
sources in our galaxy, the Crab nebula. ISTot only is the frequency-spectrum 
given by a power law over more than 7 decades in frequency, but the radia¬ 
tion is strongly polarized, both in the visible and in the radio wave lengths. 
The direction of polarization is rather regular except that it is everywhere 
perpendicular to the envelope at the boundaries of the nebula, just as would 
be expected for the « synchrotron » radiation of electrons with energies up to 
10^1 or 10^2 eV in a magnetically closed region. 

The mechanism of the electron acceleration process is not clear, but it is 
likely that it would affect protons and heavier nuclei as well, so it is assumed 
that there are also energetic nuclear particles in the same region. In the latter 
case, because of their much larger masses, the « synchrotron » radiation is neg¬ 
ligible. The special role assigned to such sources as the Crab nebula in the 
so-far most successful approach to a theory of the origin of the cosmic 
rays [7, 9-12] will be discussed later in connection with the sources of the 
galactic electrons. 


. 3. - The theory of synchrotron radiation; 

The fact that an accelerated charge radiates follows, directly from classical 
electromagnetic theory. ScirwiNGER [13] carried out the calculation for the 
case of an electron moving in the uniform magnetic field of a synchrotron; 
hence the the name. The application to our problem was carried out by 
Ginzburg [9]. Here we only assemble the relevant formulas, all quantities 
being expressed in C.G.S. electrostatic units unless otherwise specified. 

The angular frequency of an electron of energy E > mo^ in a magnetic 
field is 
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where is the component of the magnetic field perpendicular to the velocity 
of the electron. (In the halo a 1 GeV electron would spiral with a radius of 
the order one-tenth of an astronomical unit.) 

The energy radiated per second in the frequency range v to v-\-d.v is 


P{v, B) dv = ABJ 



1 


where the function f(vlv^^) is a peaked but asymetrical function about 
^ = ’'max > with the maximum intensity occurring at 


V 


= .07 — B, 
mo 


(i)" 


The total rate of energy loss is obtained by integrating over all frequencies: 



!Prom this one obtains the time required for an electron to radiate away one- 
half of its energy; expressed in convenient units, 

rp -008' 

year, 

where B is in GeV and B_^ in Oe. 

One thus computes the half life of the (1 -f- 3) GeV electrons in the galactic 
halo to be in the range (10®-^ 2-lO^) years, for the range B= (2-^ 5) *10-® Oe, 
taking only « synchrotron » radiation into account. 

It can be shown that electrons, distributed in energy with a power-law 
spectrum, 

B(B)6B = KB-^ ^B , 

produce synchrotron radiation distributed in frequency with another power- 
law spectrum, 

jr(v)dv= div , 


where a — (y —1)/2, so that the spectrum of electrons responsible for the cosmic 
radio noise may be obtained directly from the observed frequency spectrum. 
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4. - Sources of the electrons and their energy losses. 

The «synchrotron » radiation from the Grab nebula is characterized by 
a =0.35, so the electron energy is distributed according to y = 1.7. From 
the approximately known distance to the Crab nebula ((4 000-f-6 000) Ly.) and 
the measured intensity of radiation, its total rate of radiation is about: 
— dWIdt 5-10®® erg S“’-. If it has been radiating at least that strongly during 
the 900 years since it flared into being as a super nova, the total energy given 
to its electrons could not be less than 10^'^ erg. Actually it must be (6-^-100) 
times larger than this number for the average magnetic field to be within its 
permissible limits of (10-®4-10-‘*) Oe. If such super novae occur only about 
one per 100 years in the galaxy, they can contribute a total electron energy 
of (2 30) • 10*® erg s~^. 

When the magnetic field of the over-extended envelope finally merges into 
that of the surrounding region, these high energy electrons will be released 
with some fraction of their original energy. The estimated power radiated by 
the entire galaxy (10®® erg s“^) should be supplied by these electrons. 

From energy considerations alone one may say that at least the right order 
of magnitude of electron energy is generated within the supernova envelopes. 
How they are accelerated is unknown, though one might expect statistical 
acceleration (some kind of Fermi mechanism) if they are injected with 
Badioactive decay of the neutron-rich isotopes that are presumably present 
in vast quantities [14] at an early stage in the life of the super nova could 
provide injection. 

The relative importance of the various modes of energy loss depends upon 
electron energy, magnetic field strength, and the assumed gas or plasma con¬ 
centration. The modes are: 

a) collisions with atoms or with plasma electrons, 

h) collision bremsstrahlung, 

c) inverse Compton scattering, and 

d) « synchrotron » radiation. 

Process d) is probably dominant in the range: 

5-10®< F< 10^® eV . 

The energy spectrum of electrons becomes steeper as they lose energy such 
that in the above energy range: y-^y+l. Thus one might expect the elec¬ 
trons now trapped in the crab nebula with a spectrum of y = 1.7 to eventually 
approach an energy spectrum with y = 2.7 in the galactic halo. The radia- 
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tion from the halo, having a frequency spectrum a = 0.7, is due to electrons 
that now have an energy spectrum: y = 2oc+l = 2.4. This may be only a 
fortuitous agreement since the Crab is believed to be atypical in its frequency 
spectrum. 

It is possible that the electrons responsible for the cosmic radio noise are 
mainly of secondary origin. In a nuclear collision between two protons about 
30% of the energy is given to pions, of which | are charged. In the process 
of Tc-jx-e decay, about J of the pion energy is retained by the final electron 
or positron, the rest being lost to neutrinos. Thus, approximately 5 % of the 
proton energy is transferred to the electron component with each collision. 
With heavier nuclei, the fraction is not much different. 

The energy required by electrons to provide the estimated 10**® erg s~^ of 
galactic « synchrotron» radiation could evidently be met by such a source j 
i.e. 5% of (10®®-^10^®) erg s“*^, the estimated rate that energy is lost by the 
nuclear component of the cosmic rays through collisions. 

However, the problem remains that an average cosmic ray particle has 
not encountered more than a small fraction of a mean free path of matter 
dming its life. Also it is expected that the electrons secondary to the nuclear 
component would have a spectrum not much different than that of the nuclei j 
but the subsequent travels of the electrons should steepen the spectrum mar¬ 
kedly. 

If the electrons in the galactic halo, and presumably those that might be 
observed at earth, originate iu a primary acceleration process, either as elec¬ 
trons arising from ionization or from radioactive decay, they should be pre¬ 
dominantly negative. If, on the other hand, they are secondary to a nuclear 
component within an accelerating nebula, in the gas of the spiral arms, or 
in the tenuous halo, the resulting electrons should be of both signs, with some 
positive excess due to the charge of the primary nuclei. 

An experimental determination of the relative numbers of positive 
and negative electrons in the galactic cosmic radiation is thus urgently 
needed. 

An experimental measurement of the energy spectrum of the galactic elec¬ 
trons in the GeV region should give a strong clue as to their history: whether 
or not they have a common source with the electrons responsible for the radio 
noise. 

If the electrons originate in the disc and then diffuse out into the halo, 
passing through a transition in magnetic field strength from to B^, the 
electrons will become more nearly parallel to the direction of the field, assum¬ 
ing the adiabatic invariant p®sin®0/JB is preserved, where 6 is the angle be¬ 
tween the electron’s velocity and the magnetic field direction. Thus, since 
Bj^—Bsindf 

KJS’. SlxIBl. 
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But the intensity: I{v) oc so ^ if the electron density 

were the same. But the steeper spiral in the lower field region implies a lower 
electron density, so the dependence of the intensity on the relative field 
strength would be even stronger. We might expect a field ratio of 1:2 to re¬ 
sult in an emission ratio as small as 1:10. 

An experimental measure of the absolute value of the flux of electrons 
density (E > 1 GeV) in the disc {i.e. near earth) may help to clarify this, 
question. 


5. - Recent measurements of cosmic ray electrons. 

In the experiment of Earl, a multiplate cloud chamber was flown to within 
4.6 g of the top of the atmosphere where random expansions were made. A 
total of 11 soft showers identifiied as initiated by electrons and 6 identified 
as initiated by y-rays were obtained while 380 penetrating particles were ob¬ 
served. Assuming all of the y-rays are secondary, he estimates that not more 
than 2 of the electron events are secondary. 

With these very limited statistics Earl obtains a ratio of electrons tO' 
protons: 

= (3 ± 1) % for E> 0.5 GeY. 

The observed events had electron energies from 0.6 to 3 GeV as estimated 
by the size of the showers. The incident electrons all multiplied in the first 
or second plate [14], so it is clear that these events were mainly not of nuclear 
origin. 

The author concludes from the observed intensity of electrons that they 
must come from other sources as well as from the secondaries of nuclear inter¬ 
actions between primary nuclear particles and the interstellar gas. 

The method of the above experiment has the virtue that a flux of electrons 
is compared with a flux of nuclear particles for the same detector geometry; 
however, the energies of the nuclear particles are not measured, so it is not 
demonstrated that the electron and nuclear component are for the same mag¬ 
netic rigidity. More than half of the electrons are in the interval 0.6 to 1 GV, 
a region of magnetic rigidity known to have a paucity of a-particles, hence 
only marginally describable as galactic. 

Because of the small number of events one is hardly able to draw far- 
reaching conclusions, but as a provisional result it suggests that of the order 
of (1-^-3)% of the incoming particles are electrons (positive or negative). 

The random expansion of a cloud chamber is not a method well suited to 
obtain good statistics, because of the low duty cycle; but each event has a 
high information content. 
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The experiment [4] of Meyer and Vogt has the virtue of many counts, 
hut the interpretation is by no means so clear-cut. The counter arrangement 
selects minimum-ionizing incident particles and measures the overall range of 
such particles and their charged secondaries up to a maximum depth of 
100 g/cm® in Ph. The range measurement should detect electrons between a 
few MeV and about 1 GeV, but incident protons undergoing nuclear inter¬ 
actions, particularly of the charge-exchange type, here make a substantial 
background. It is not clear that events attributed to electrons of energy greater 
than about 400 MeV cannot equally well be accounted for as nuclear inter¬ 
action events. 

Below about 400 MeV the authors find a spectrum steeply rising towards 
the low energy end. The flights took place in the far IJorth where the geo¬ 
magnetic cut-ofl is very low but poorly determined. By adopting a suitable 
low energy cut-off something like 1% of the incident particles may be taken 
as electrons, but the cut-off remains somewhat arbitrary. 

The instrument is not designed to give any information over about 1 GeV, 
and in fact it does not seem possible to rely on the upper half of that energy 
interval. About the low energy particles it is just not possible to make any 
clear identification as galactic electrons. It is well known that the particles 
in this range of magnetic rigidity have more to do with the sun than with 
the galaxy. 

It is interesting to note [15] that on three separate flights very similar 
electron fluxes and spectra were observed, even though, on one of these oc¬ 
casions, the low energy proton flux was enhanced by a factor two as a result 
of a solar flare. 


6. — Requirements of a critical experiment. 

An experiment or group of experiments is needed to measure: 

a) the flux of primary galactic electrons, 

b) their energy spectrum (particularly above 1 GeV), 

o) the relative number of positive and negative electrons. 

To insure that they are truly galactic one should require that: 

1) the magnetic rigidity is greater than 1 GV, 

2) the electrons should arrive at those latitudes and from those direc¬ 
tions where the geomagnetic cut-off rigidity is less than the electron energy 
and not elsewhere. Since it is well known to be difftoult to calculate these geo¬ 
magnetic effects accurately, they could be determined experimentally by simul- 



ELECTRONS IN THE GALACTIC COSMIC RADIATION 209 

tarieously measuring the intensity of oc-particles with a detector sensitive over 
the same solid angle as the electron detector. This would provide continuous 
data for an absolute calibration of the electron intensity as well as the B-W 
asymmetry to be'^expected for each sign of electron ch.arge. Alpha particles 
are preferable to protons for monitoring because of the absence of albedo. 

3) The electrons should be measured at a time when all singly charged 
particles of similar magnetic rigidity are constant in time. The period of the 
next solar « minimum*» would be a particularly suitable time for such meas¬ 
urements. 

Probably much may stUl be learned from experiments done at balloon 
altitudes, flying at more than one latitude and using the E-W asymmetry as 
effectively as possible, but a critical experiment necessarily will be a satellite 
experiment. 


7. - A proposed electron detector. 

A suitable apparatus might consist of the following; 

a) First the incoming particle passes through a gas Cerenkov counter, 
operated at a relatively low gas pressure so as to register only if the particle 
is charged and has an energy such that, say, 

j67/me“ >> 20 . 

Thus protons are heavily discriminated against by making use of the steep¬ 
ness of the energy spectrum to rule out most of the particle flux. Two photo- 
multiphers must be used in fast coincidence to eliminate the registration of 
noise pulses. 

h) Following this is an electron shower detector, consisting of a sand¬ 
wich structure in which scintillation or solid Cerenkov counters are used to^ 
sample the development of an electron-initiated shower through the first few 
radiation lengths of a dense, high-.2/ absorber. By measuring the shower size 
near the maximum of its development (after 4 or 5 radiation lengths), the 
energy of the incident electron may be rather well estimated without the great 
weight of a total absorption detector. Also, such an open-ended counter has 
no upper energy limit. The sampling of the shower at more than one point 
makes possible still further discrimination against events that are not of pure 
electromagnetic origin. 

Provisional estimates are that such an apparatus, suitable for balloon flights, 
could be made to detect one electron against a background of several thousand 
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protons or heavier particles in the energy range above 1 GeV. It would be 
essential to calibrate the shower detector and to determirie the overall discri¬ 
mination of the apparatus by measurements at all angles in beams of arti¬ 
ficially accelerated particles. The 28 GeV proton beam at OEElSf and any of 
several electron beams now available are eminently suitable. 

Eventually such a detector, or its descendant, could be reengineered for 
satellite operation. A polar orbit below the belts of trapped radiation would 
make possible a complete study of all of the objectives a), b), and c). 
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Y-Spectrography in a Rocket. 

J.|Gotjpil 

Service d'Meetronique Physique, Centre d^Btud^s NuoUaires de Saclay - Saclay 


Introduction. 


This paper describes a device for measuring and transmitting the y rays 
spectrum at the top of the atmosphere in the range on 100 keV to 2 MeY. 

This assembly has 
been studied and realized 
in the Centre d’Etudes 
Nucl^aires de Saclay in 
Prance. 

The detector was pla¬ 
ced in the four-stage 
rocket antares. The 
expected altitude was 
350 km and the flight 
duration approximately 
8 minutes. 

The detector is a 
photomultiplier with a 
lin. xljin. sodium io¬ 
dide crystal (Fig. 1). 

The elimination of the 
pulses produced by char¬ 
ged particles is accom¬ 
plished by means of a 
plastic scintillator which 
surrounds the first scin¬ 
tillator. 

When a coincidence 
is produced on the two 
photomultipliers, the si¬ 
gnal is eliminated. 



Fig. 1. - Block diagram. 
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We want to transmit to the ground: 

1) a y spectrum; 

2) the counting rates of the two photomultipliers and the coincidences. 

For this, the transmission deyice of the rocket is used. It consists of 5 fre¬ 
quency modulated sub-carriers. These sub-carriers modulate the amplitude of 
the high frequency waye to 100 MHz. 

One sub-carrier is destined to the measurements of pressures, temperatures, 
accelerations and other parameters of the flight. 

We haye used one sub-carrier for counting and 3 sub-carriers for the trans¬ 
mission of the spectrum, because this measurement contains a large quantity 
of information. 


1. - Counting rate. 

The counts are sent successively on a binary scale containing 16 stages. 
The storage time is about one second, and the reading time one quarter 
second. 

A mechanical commutator tests the state of the 16 stages successively. 
Then, after resetting to zero, the following counting is effected. 

One can measure this way, the counting rates of one to about 65 000 counts 
per second. 


2. - Transmission of the spectrum. 

The band width of each sub-carrier is 400 Hz. In this way we cannot trans¬ 
mit more than 70 pulses-second if the amplitude is to be conserved with pre¬ 
cision. 

Therefore the electronic’s must realize: 

1) The sampling of the pulses leaving the y photomultiplier. 

2) The distribution of pulses on the three sub-carriers. 

3) The increase of the pulse duration from 5 jjls to 10 ms. 

Figure 2 shows how these operations are realized. The pulse is applied to 
a pulse-height to time converter through a hnear gate. 
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Fig. 2. - Sampling, distributor and lengbtening. 
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Fig. 3. - Pulse-heigbt to time converter. 
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The output signal is then sent to 3 lengtheners. An electronic commu¬ 
tator permits the fimctioning of each lengthener separately. 

If the lengthener is already in the process of treating a pulse, the linear 
gate is closed and no other pulse can reach it, as long as its work is not finished. 

The lengthener consists of a gate, a time-amplitude converter and a capa¬ 
citor used as a memory for 10 ms. 

This time of 10 ms is given hy a monovihrator. At the end of this time, the 
memory is reset to zero. 

In addition a dead-time of 4 ms is provided between two pulses hy means 
of a second monovihrator. 

If one of these two monovihrators is functioning, any new pulse is refused 
by means of gate B. 


-15 V 



T A,o-Tii •• 2N397 (CFTH ) 

0C44 (R.T.) 

O^.D^ : 0A9 (R.T: D^. D 3 . : 15P2 (CFTH ) 


Fig. 4. — Pulse-height to time converter. 


When a lengthener has received a pulse, it sends a pulse to the electronic 
commutator which autorizes the functioning of the following lengthener, 
(Pig. 2). 

Figure 3 shows the principle of the pulse-height to time converter. 

The pulse charges a condenser which is discharged hy a constant current. 
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The time necessary for the point O, to come back to its initial state, is propor¬ 
tional to the amplitude of the imput pulse. 

For an amplitude of 10 V, there is a time of 100 p,s. 

Figure 5 shows the lengthener. 


+ 22V +100V 



O is the memory condenser. It is charged by a constant current of 5 mA 
during a time proportional to the amplitude of the pulse applied to the first 
converter. 

The voltage obtained is therefore proportional to the pulse given by the 
gamma photomultiplier. 

A cathode follower copies this voltage. 

After 10 ms the condenser C is discharged by a very precise special 
device. 

The linearity of the assembly: pulse-height to time converter and len- 
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0 5 10 l^(volt) 


imput pulse height 



Fig. 6. — Linearity and stability. 

theners, is giTen by Pig. 6 for two tempexatures, 25 ®0 and 75 °C, and two 
pulse frequencies 15 and 40000 counts per second. 
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Pig. 7- — ^®'^Cs spectrum after telemetry. 
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Fig. 8. - View of counting (on the left) and lenghtening printed circuits. 
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The spread of the pokts does not exceed 2%. Because of the sampling, the 
number of pulses transmitted by each sub-carrier cannot be larger than 70 per 
second. 

Figure 7 shows a spectrum of i”Cs transmitted by radio, for two counting 
rates: 100 and lOOOO counts per second. The spread of the peaks is 3%. 
Finally, Pig. 8 and 9 show two views of the assembly realized with printed 
circuits. There are 130 transistors, and*-200 diodes. 



The Interstellar Gas and the Galactic Halo. 

H. 0. VAN DB HuLST 
Leiden Observatory - Leiden 


1. - Two new branches of astronomy. 

The name «cosmic radiation», first used about 1909, was a double con¬ 
fession of ignorance. « Badiation» or «rays» meant that we did not know 
whether they were photons or fast particles. «Cosmic» meant that we did 
not know where they came from, but clearly the origin was somewhere outside 
the earth. 

The term «cosmic static» was used from 1931 until it was replaced by 
the term «radio astronomy ». Again « cosmic » was a confession of ignorance 
and «static» meant radio noise. 

Since those times there have been enormous advances in measuring techni¬ 
ques, in factual knowledge and in our understanding of these two phenomena. 
This rapid progress illustrates the rule that often in science an improvement 
in technique triggers off a whole chain of developments in experiment and 
in theory. Only those familiar with the unsolved problems usually can taike 
up this challenge. As an example relevant to our subject I may mention the 
Gmh Nebula. 

This nebula had been known from spectral studies for a long time to con¬ 
sist of two parts: a shell of red filaments and a white nebulous centre. It had 
been vaguely thought that the white light from the centre was the radiation 
from a very hot gas but a consistent explanation could not be found. Eadio 
measurements ruled this explanation out by showing that the flux density at 
radio wave lengths was about 100 times stronger than in the visual region. 
This led Sklovskij 1952 to take up suggestions made in a difterent context 
by Axfv^in, Heelopson and Kiepenhetjer and to propose a completely dif¬ 
ferent mechanism: the origin of the optical and the radio emission should be 
synchrotron radiation from relativistic electrons in a magnetic field. If the 
velocity of an electron is small compared with the velocity of light, it radiates 
only at the gyrofrequency but when the velocity is close to that of light it 
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radiates at a great number of harmonics and the spectrum may for practical 
purposes he regarded as continuous. Slovsicij showed that the synchrotron 
process could account for both optical and radio observations of the Grab 
Nebula. He also suggested that it could be the origin of the continuous radio 
emission from the Galaxy and that it should be possible to detect linear po¬ 
larization in this. Synchrotron radiation is essentially linearly polarized with 
-the electrical vector perpendicular to the magnetic field. Soon after this sug¬ 
gestion, the white light from the central part of the Crab Nebula was indeed 
found to be strongly polarized (the best measurements have been made by 
WoLTJEB on plates taken by Baade) and very recently polarization has been 
found in the radio frequency radiation from the Galaxy. 

It is interesting to note that the « cosmic static » has now become a re¬ 
cognized part of astronomy while « cosmic rays » are still regarded as part of 
physics. Both fields involved new techniques, new concepts and a new ter¬ 
minology which required a large effort from the ordinary astronomer. I sup¬ 
pose the difference is that he feels more at home with the final results of 
radio astronomy observations, which at least can be presented in the form 
of maps of the sky. But evidently cosmic rays should also be considered as 
part of astronomy, which—of course—is again part of physics.. 

The problem of getting acquainted with such new fields is comparable to 
that of learning a foreign language. In going to a new country it is absolutely 
necessary to speak and read sorue sentences in the other language. But when 
you feel well advanced, try the supreme test of hearing the insiders speak among 
themselves. Students from various fields are attending this course. I advise 
you to try this test and not to be content with things comparable to «the 
100 most useful sentences » or « Header’s Digest ». Go to the original publi¬ 
cations and visit the research workers in their own institutes. 


2. - Diagnostics of the interstellar gas. 

My task here is to discuss what kind of information astrophysicists can 
give that is relevant to the study of cosmic rays and in this I shall limit myself 
to the conditions in space outside the solar system, i.e. away from the influence 
of solar « winds », « clouds » and their associated magnetic fields. The distances 
here are on a very much larger scale than in the solar system: instead of light 
minutes we have to deal with centuries. 

The study of plasmas in the laboratory is now vigorously pursued in many 
countries in view of deriving power from controlled nuclear fusion. Many of 
these studies are useful to astronomy and have first been started in astronomy. 
The analysis and measurements of plasmas, now often called « plasma diag¬ 
nostics », also very well describes the work of the astrophysicist when he tries 
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to find out sometliing about the interstellar medium from its properties of 
emitting, absorbing and scattering light and radio waves. Of course, he cannot 
make new experiments but has to be content with what nature itself provides. 

Both the time scale and the linear scale are « out of this world ». We ob¬ 
serve structures of gas, stars, and magnetic fields, which are obviously very 
unstable, but changes are extremely slow. In the laboratory a plasma may 
change considerably in a few microseconds; out in galactic space we could 
take a picture every century and obtain a fascinating film. 

The plasma physicists have discovered with regret that small impurities 
in the plasma have large effects on its behaviour. This phenomenon is well 
known to astrophysicists since 1926. Small amounts of oxygen ions (singly 
and doubly ionized) can be excited by collisions and return to the ground state 
by radiating visible light. This gives an effective sink of energy in the plasma. 
The radiation is usually in so-called forbidden lines, which can be produced 
only in very rarified gases where colhsions are rare. At the same time inten¬ 
sity ratios between some of these emission lines are sensitive to the density 
and temperature of the plasma, and can be used for the « plasma diagnosis ». 
The singly ionized oxygen atom, for instance, emits a strong doublet in which 
the intensity ratio of the two emitted lines is a function of the electron den- 
sith N,, 

The ratio ^2!! i = 

^3726 t = 1.5, for JVe < 10® cm"» ‘ 


The observed ratio can be used to determine W between these limits. Other 



Fig. 1. — Diagram showing how ultra¬ 
violet energy of a hot star is converted 
and used up in the surrounding gas. 


V 


ratios are more sensitive to electron 
temperature. 

The energy budget of the gas sur¬ 
rounding a hot star is represented in 
a simple but unconventional way in 
Fig. 1. The usual way to draw the 
blackbody radiation curve is to plot I(v) 
against v so that the area under the cur¬ 
ve represents total energy (in an appro¬ 
priate unit). Figure 1 is derived by put¬ 
ting the quanta side by side like sol¬ 
diers in the rank, each with its own 
height hv and with unit width. In a 
formula, this means that the abscissa is 



dv' and the ordinate hv, and the area under the curve again represents 


0 


total energy. 
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The area under the curve to the right of the vertical line {i.e. regions- 
a-f-fc+c) represents the amount of energy available above the Lyman limit, 
i.e. in quanta which can ionize a hydrogen atom from the ground state. The 
excess energy hv — hvx initially appears as kinetic energy of one free electron. 
However, the electrons immediately redistribute this energy among themselves; 
and the ions by elastic encounters and continuously transfer energy to the 
impurities like oxygen, which return to the ground state radiating in the for¬ 
bidden lines. The electrons, which have lost most of their kinetic energy in 
this way, are finally captured by protons and return to a hydrogen atom in 
the ground state emitting Balmer lines and Lyman cc. Or, if they combine 
directly to the ground State, the cycle is repeated. In equilibrium we thus may 
say that an amount of stellar radiation represented by the area a is converted 
into Lyman a, that of the area h in various other hydrogen lines and con- 
tinua, including the Balmer series, and that of the area c is is converted into- 
radiation of the forbidden lines of the impurities. 

Close to a hot star (type O or B) the intense radiation keeps the gas almost 
completely ionized, but further out this radiation gets exhausted and the gas 
is essentially neutral. The transition is very sharp and the gas surrounding^ 
the star is thus divided into an inner ionized region {« Stromgren sphere ») and 
an outer region where hydrogen is neutral. The brightness of the nebula sur¬ 
rounding the star (measured for instance in one of the oxygen lines) thus gives- 
information about the area c; direct observations of the central star give the 
area d (visible light). The ratio of these two is obviously a sensitive measure 
of the radiation temperature of the star. 

These few examples may serve to show that our knowledge of the tempe¬ 
ratures and densities of the interstellar gas is not based entirely upon theory 
but that a fair number of determinations directly from observation is possible. 
Doppler shifts and Doppler broadening, unfortunately, rarely give any useful 
information about the temperature because they are determined mainly by 
fluid motions and cloud velocities. 

The first detection of the 21 cm line of H in 1951 has opened an enor¬ 
mous range of new observational possibilities to study the interstellar gas. The- 
next important step will be to detect Hj" and Ha from satellites. 


3. - Dynamics. 

Almost any problem in modern astrophysics leads to problems of dynamics- 
and evolution. In most regions of the interstellar medium there may not even 
be a quasi-equilibrium which characterizes, for instance, the atmosphere of a 
star before the supply of energy gets exhausted. The implications for the 
problem of the origin of cosmic rays are numerous and although these impli- 
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cations are not dealt witli in this paper, it may be good to review some of the 
facts as they are known from optical and radio studies. 

The main part of the galaxy containing most of the stars is shaped like a 
disk with a diameter about 80 000 light years and with a thickness of less 
than 1/100 of this diameter (Fig. 2). The system rotates not like a solid body 




halo region 


\ 


\ 



but the rotational velocity at a certain distance from the centre depends on 
the gravitational attraction of the whole system. At great distance from the 
centre Kepler’s laws are approximately valid but the rotation curve further 
in is more complicated because the gravitational field cannot be approximated 
by that of a point mass at the centre of the system. The best values of the 
rotation velocities at points within the Sun’s orbit come from observations 
of the 21 cm hydrogen line. 

Some classes of stars and particular objects like the globular clusters are 
also observed at great distances from the plane of the disk. They are found 
in a nearly spherical volume surrounding the disk (Fig. 2), commonly called 
the galactic « halo ». Only old stars are found there, namely, the stars formed 
before the galactic gas had contracted into a disk. The forces of fluid' dyna¬ 
mics and magneto-fluid dynamics which gave the gas in the disk its present 
structure, have no hold on the stars after their formation. The halo stars 
thus are «fossiles » of an early dynamic stage in galactic evolution. 

Photographs of other galaxies show a spiral structure in the disk and this 
is the case also in our galaxy. However, it is extremely difficult to study this 
structure optically because of the absorbing dust clouds in the plane of the 
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disk. Our knowledge about the spiral arms in the galaxy away from the im¬ 
mediate neighbourhood of the sun is entirely based on observations of the 
21 cm hydrogen line emission. 

In trying to describe the local dynamics of the gas in the disk, say, some¬ 
where in a spiral arm, we immediately run into a peculiar situation. By careful 
estimates of the gains and losses of energy (heating and cooling mechanisms) 
Spitzbr and Saved off found the temperature of the gas in the galactic disk 
to be 10® °K in the regions where the hydrogen is neutral, and 10*^ °K where 
it is ionized. The low temperature of neutral hydrogen has since been con¬ 
firmed by radio measurements. But the dynamical consequences of this factor 
100 between the temperatures in the two regions were not at once realized. 
It is obviously immaterial whether this is precisely 100, or 50, or 200. 

A star that forms in an initially neutral gas cloud ionizes the gas out to a 
certain distance producing the « Stromgren sphere » discussed earlier. If the den¬ 
sities inside and outside are about the same initially, the kinetic temperature 
and hence the pressures will differ by a factor 100. This is an unstable situation 
and an explosive expansion of the gas surrounding the young star will follow. 
Also individual clouds in the vicinity may be « rocketed » away from the star. 
On the side where the cloud faces the star the gas is being ionized and heated 
to 10^ ®K. This hot part evaporates very fast and the « recoil» sends the re¬ 
maining part of the cloud away from the star. This is a genuine cosmic rocket 
driven by the nuclear power which is produced, away from the rocket, in the 
body of the hot star. 

The general efi'ect of these expansion and rocketing processes is to stir up 
the interstellar gas and give it the irregular aspect which is so striking on all 
photographs. Besides young, hot stars, supernova explosions will play a si¬ 
milar role. 

The question of the physical conditions in the galactic halo is extremely 
difficult. The strongest arguments for the existence of a halo come from ob¬ 
servations of the continuous radio frequency radiation from high galactic lati¬ 
tudes. There are also a few indirect arguments derived from optical obser¬ 
vations. 

Statements about the temperature and density in the galactic halo have to 
be mainly guess work: a possible combination is 57=10® °K and JV'(,=10~* cm-®, 
which would make it an approximately self-supporting « atmosphere ». Such 
a gas is impossible to observe with present techniques. An intimate relation 
between the dynamics of the halo and the disk gas is indicated by the expan¬ 
sion found in the inner parts of the disk. Careful 21 cm measurements made 
in Dwingeloo, Holland, have revealed that the gas in the disk within 3 kps 
from the centre streams away from the centre, while also partaking in the 
rotation. The loss of one solar mass per year in the central region can only 
be compensated by downpour from the halo. 
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The forces acting in these processes are very poorly understood but it is 
generally believed that magnetic fields play an important role. 

The theoretical case for such fields is rather clear. Magneto-hydrodynamics 
and specially the inductive coupling of gas and magnetic fields is of great im¬ 
portance anywhere in astrophysics. The «lifetime» of a magnetic field in a 
conducting medium is proportional to the square of the linear dimensions 
times the conductivity. The conductivity of the interstellar gas is comparable 
with that of ordinary metals but the dimensions are so large that it is difficult 
to see how the field can leak away at all in the time of a thousand million years. 
In contrast, these phenomena are difficult to study in the laboratory because 
it is hard to maintain the fields longer than a microsecond. The field is pro¬ 
bably to some extent lined up along the spiral arms because the observed po¬ 
larization of the starlight is greater and more consistent when looking across 
the local spiral arm than when looking along it. The recent radio polarization 
measurements in Holland seem to show that the radio polarization vector 
is perpendicular to the optical. This is to be expected as synchrotron 
radiation is polarized perpendicular to the field, while the interstellar optical 
polarization, which is a completely diierent process, results in polarization 
parallel to the field. However, these first sample measurements are in urgent 
need of further confirmation. 

The dynamics of the spiral arms, in particular their maintenance against 
the distortion produced by differential rotation, is still imperfectly understood. 
Three factors may be at work: the peculiar gravitational potential, which is 
responsible for differential rotation; the magnetic fields; and the explosions 
described above which may blow gas from one arm to another and may pro¬ 
duce a turnover of the complete gas content of an arm in 10^ year. 

As regards the magnetic field in the halo, I can say very little; practically 
all our ideas about this come from various cosmic ray theories. I do not con¬ 
sider it appropriate to enter here into a discussion of topics which will be 
treated more fully by other speakers and I hope that this very brief sum¬ 
mary of some facts and methods will be useful to you in your further dis¬ 
cussions. 



The Polarization of Starlight in the Interstellar Medium (*). 

J. M. Greenberg (**) 

Memselaer PolyteeJinic Institute ~ Troy, N.Y. 


Introduction. 

Since the discovery of the polarization of starlight (Hall[1]; Hiltnbr [2]) 
by the interstellar medium, the most commonly accepted theoretical expla¬ 
nations have involved the scattering hy grains ■which are oriented hy galactic 
magnetic fields. In the sense that no other orientation mechanism has yet 
been shown to be adequate it may be claimed that the existence of polarization 
is evidence for these magnetic fields and, as a matter of fact, is perhaps the 
most direct evideni^e for the large scale galactic magnetic fields. Because the 
theories of the aicceleration and trapping in the galaxy of high energy par¬ 
ticles are based on interactions of these charged particles with magnetic fields 
it is appropriate, that the subject of interstellar polarization should be dis¬ 
cussed here. There has been a time when people working in cosmic rays or 
in interstellar polarization used each other’s theories to prove the existence 
of the required magnetic fields. This was, of course, not a very satisfactory 
situation and we will attempt here to show that it may be possible in the near 
future to base independent and quantitative inferences on the distribution of* 
galactic magnetic fields on the phenomenon of interstellar polarization. 

Since polarization occurs only when there is extinction of the starlight it 
is generally assumed that both phenomena are produced by the same basic 
process; namely scattering and absorption of radiation by small grains. The 
present state of astronomical observations and theories does not yet definitely 
establish the nature of the interstellar grains. In order to give a complete story 
one should try to consider all possibilities equally. However this can not be 


(*) Work siipportend by the National Science Foundation and the National 
Aeronautics and Space Agency. 

(**) At present on leave from Eensselaer Polytechnic Institute as an O.E.E.C. 
Senior Visiting Follow at I.eiden Observatory. 
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done because some of the theories have been much further developed than 
others and therefore the greater emphasis is inevitably placed on these. 

In the first section there are summarized the characteristic data on extinction 
and polarization and a general, though somewhat simplified, formulation of 
the means by which these are produced by scattering is presented. The three 
fundamental theoretical problems which are considered in the following two 
sections are: 1) the physical and chemical nature of the grains, 2) orientation 
of the grains, and 3) scattering of light by the grains. In the last section the 
predictions based on the various types of grains are compared. 


1. - Extinction and polarization. 

The radiation from a star is reduced by a combination of scattering and 
absorption by all of the grains between the stars and the observer. The total 
(extinction) cross-section by a single grain, is denoted by o' and is defined by 

Eadiant energy scattered and absorbed per unit time 
^ ~~ Incident radiant energy per unit area per unit time 


In general o depends on the 



wave length of the radiation and the orien¬ 
tation of the particle. For simplicity, let 
us assume axially symmetric particles, all 
having the same degree of nonisotropy of 
shape (same elongation). The extension to 
the general case is easily made. Let the 
direction of the line of sight be denoted by 
the s;-axis (see Fig. 1) and divide the inci¬ 
dent radiation into two incoherent polar¬ 
ized beams, each of intensity Io/2, orien¬ 
ted along the x and y axes. Then, at the 
observer, the star light is attenuated ac¬ 
cording to 


( 1 ) 


I. = ^exp[-Tj, 
Z.= |exp[-T], 


Tig. 1. — Geometric configuration 
of an intei’stellar grain in the line 
of sight between star and observer. 


where the optical depths and are given 
by summing the cross-sections of all the 
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particles along the line of sight 


( 2 ) 


CO 


t.c(A) =J J J'n(a)a£'ja, 0 , cp, A)/(a, 61, (p) djQ , 


0 ansle.s o 

X, CO 


r,(A) = // n{a) OEyicb, 0, (p, 0j <p) di^ , 


0 augl ;a 0 


where i = path length, n{a) is the function giving the distribution of the 
particles in size (represented by the parameter a), f(a,0, (p) is the angular 
distribution function (which will generally be size-dependent), and are 
the cross-sections for light polarized along the ao and y directions. The total 
received intensity is given by 


(3) 


I = !.,+ I, = h [(exp[-rJ + exp[-r,,])] 




and the attenuation, expressed in magnitudes, is 

iA\ A c K ^ ^ 1-086 

(4) Am = — 2.5 log -p - (t«, -f t„) , 


assyming (t* — Tv)/(Ta,+T,;) 1, which is generally a good approximation. The 

polarization is given by 


< 5 ) 







It is often convenient to express the polarization as a magnitude difference 


(6) Am, = — 2.5 log ^ = 1*086 {Xy — x^) f^2'X 1.086p . 

ly 

It is seen that both the extinction and polarization in magnitudes are linearly 
related to the extinction cross-sections of the grains. 

The basic character of the experimental results on the polarization and 
the wave length-dependence of the extinction are schematically illustrated 
in Fig. 2- The difference between the upper and lower curves gives the po¬ 
larization. The roughly linear region for 3 000 A 1 < 10 000 A is often re¬ 
ferred to as the law. 

The maximum observed value of the ratio of polarization to extinction 
implies XylXx <1.06. 




230 


J. M. GREENBERGr 


The largest polarizations are generally observed for stars in the galac*tic 
plane. Hall [3] has compiled a vast amount of data on polarization and has 
constructed maps showing the degree and orientation of the polarization. From 

a broad point of view it is 
seen that in some extended 
regions of galactic longitude 
the polarization is parallel to 
the plane of the galaxy and 
that the dispersion of tlie po¬ 
larization angles is quite small 
6 °), whereas in otlier n*- 
gions the planes of polariziition 
are random. The i:egions of 
uniformity appear to corre¬ 
spond to star’s seen atwoss a 
spiral arm and the regions of 
high dispersion appear to cor¬ 
respond to stars viewed along 
a spiral arm. On a jnucli 
smaller scale, there is found to be a definite tendency for the polarization 
(electric vector) to be parallel to nebular streamers, striated clouds and fila¬ 
mentary structures. The wave length-dependence of the polarization is not 
weh known, although there generally appears to be a maximum somewhere, 
between the infrared and ultraviolet (Gehuels [4]; Behe [5]). Tlui 
direct evidence for the orientation of interstellar grains by magnetic licltls will 
be obtained if the preliminary results on the correlation betAveen ra.dio a,nd 
optical polarization (Seeger, Wbsterhotjt, Tinbergen and Brouw f(il) arc 
confirmed. 



Pig. 2. — Soliem.atic observational data on interstel¬ 
lar extinction for two orthogonal directions of po¬ 
larization. In the absence of interstellar polariza¬ 
tion the upper and lower curves would he identical. 


2. - Physical properties of proposed grains and their orientation. 

.The types of grains which have been proposed and a summai'y of their 
chemical and physical characterization are presented in Table I. 

AU of the theories using these grains to account for extinction or polari¬ 
zation require a total amount of any element which is at least consistent; wit h 
the normally stated cosmic abundances of the elements. The size gLvt-.ii m 
the characteristic average linear dimension required to account for the wave- 

inWeUax extinction. The scattering properties of 
aJl but the trapped free radicals are given by the classical appUcation of the 
scattering of electromagnetic radiation, and vdU be discussed in some detail 
m the next section. The trapped free radicals scatter by a quantum mechan- 
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ical process of resonance absorption and subsequent reenoission and only- 
qualitative information is available for tbis process. 


Table I. 


Type of 
particle 

Important 

chemical 

constituents 

Magnetic 

character 

<( Size » a 

Scattering 

Dielectric ’ 
(dirty ice) 

H, O, C 
(metallic trace) 

Para¬ 

magnetic 

0.5 p,m 

Real refractive index 
(Fig. 3) 

Metallic 

Fe, Mg 

Ferro¬ 

magnetic 

0.05 [xm 

Complex refractive index 
(Fig. 4) 

G-raphite 

flakes 

C 

Dia¬ 

magnetic 

0.05 yxn~0.5 (jtm 

Dielectric for c-axis; 

Metallic for£7 j_ e-axis (Fig. 5) 

Trapxied 
free radicals 

1 • ' ■ 

! 

H, O, C 

Para¬ 

magnetic 

- 

10 A 

(l ioo) 

Resonance absorption 
(Quantum mechanical) 


The orientation mechanism -which will be presented here in very abbre¬ 
viated form is that due to Davis and Gubbnstbin [7]. 

When a non spherical particle spins in a magnetic field, the held as seen 
by the particle appears to vary sinusoidally. Because the magnetic suscepti¬ 
bility has an imaginary part which is frequency-dependent, there is a phase 
difference between tlie magnetization and the external field. . This gives rise 
to a small nonconservative torque which tends to orient an axially symmetric 
particle so that it rotates about its short axis. Collisions of the gas atoms 
with the grains tends to disorient them. The relaxation time for the orienta¬ 
tion is given by (in e.g.s. units) 


(7) 


Tjt 


Oily 


where ca is the angular velocity of the particle, 1 is its moment of inertia, 
y is a measure of non-sphericity, Y is the volume, B is the magnetic field 
and is the imaginary part of the susceptibility. The relaxation time for 
disorientation is (in e.g.s. units) 


( 8 ) 


Toon ^ 


5- 

. 




where is the density of the grains, a is a characteristic linear dimension, 
is the number density of hydrogen and T is the gas temperature. 
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In order to acliie-ve a Mgh degree of orientation should be much greater 
than Tg. Assuming a reasonable value of x" for the dielectric grains and using 
accepted values for the astrophysical quantities involved in the formula 
(nj^T^ — lOO) gives for the required value of the magnetic field 

B>2r (1 r = 10-® gauss). 

This is somewhat high but perhaps not unreasonably so. The need for a more 
precise calculation of this method of orientation than that of Davis and 
Greenstein would be very helpful because even in their paper a number of 
serious approximations are made and it is not readily seen whether the mag¬ 
netic field requirement is underestimated or overestimated. The value of the 
magnetic field required for orientation of the other types of grains may be 
similarly computed and one can show that for the metallic and trapped free 
radical particles a lower value of the field is needed. However, several funda¬ 
mental questions involving the internal temperatures of such grains lead to 
difficulties and uncertainties regarding the interpretation of such values. 

3. - Scattering. 

Figure 3 shows some smoothed experimental results using the microwave 
analog method (Greenberg, Pedersen and Pedersen [8]) to obtain the 



Pig. 3, Smoothed experimental results for the total cross-sections of spheroidal particles: 
■71= 1.26, 6/a=2. The dotted curves are extrapolations of the experimental curves. 
The labels refer to the angles of the propagation, electric, and mag¬ 

netic vectors of the radiation with respect to the symmetry axis of the particle. 
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scattering Tby spheroidal particles of elongation bja —2, refractive index 
n = 1.26, and for three orthogonal orientations of the particles relative to the 
incident radiation. It is clear that a clond of snch particles spinning with 


their short axes parallel to the spiral 
rection of polarization. It is generally 
inferred from this that magnetic fields 
tend to line np with the spirals arms. 
Furthermore it can he shown qualita¬ 
tively that the scattering by a distribu¬ 
tion of sizes of such spheroidal particles 
which reproduces the extinction law will 
give a value of Tyjrx !=« 1.1 for perfect 
orientation. This is perhaps a sufficient 
margin to allow for imperfect orien¬ 
tation and still obtain the value need¬ 
ed (Ta../Tv ^ 1-06) to account for the 
maximum amount of polarization ob- 


arm axis will produce the desired di- 



0.5 1.0 

2 TT a/X 


Fig. 4. — Characteristic variation of 

the cross-section of a metallic particle 
1.3(1 — i)) with size. 


served. The characteristic particle size 

(the single-particle size which will roughly produce the extinction law) can be 
obtained by letting A ^ 5 000 A and by choosing that value of a which cor¬ 
responds to the middle of the linear region of the curves. The scattering by 
metallic particles (w ^ 1.3 (1 —■^)) is shown schematically in Fig. 4. The char¬ 
acteristic size of the metallic 



ZTTa/X 


Fig. 5. - Hypothetical scattering characteristics 
of a graphite flake for two orthogonal orientations 
of the c-axis with respec.t to the electric- vector 
of the incidexit radiation. 


particles can be seen to be 
about 1/10 that for dielectric 
particles. Because there is not 
yet sufficient quantitative in¬ 
formation on the scattering by 
nonspherical metal parfiicles in 
this size range it is possible 
only to state that they should 
at least be adequate polarizers. 
The crystal structure of gra¬ 
phite particles implies that for 
the electric vector of the ra¬ 
diation parallel to the c-axis 
(axis perpendicular the flakes) 
they act like dielectrics and 


for the electric vector perpendicular to the <?-axis they act like conductors. 
On this basis there are given the schematic curves of Fig. -6 and it is 


easy to see why such grains should be excellent polarizers even when imper¬ 
fectly oriented. The trapped free radical particles have been shown by 
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Platt [9] to scatter by a quantum-mechanical resonance at a wave length 
A PH 400 a and also to be effective scatterers at shorter wave lengths. A quan¬ 
titative treatment of the process by which these particles can polarize the 
star light is not possible. However, qualitative calculations (Platt [9], Green¬ 
berg [10]) seem to indicate that they could be sufficiently effective polarizers. 


4. - Concluding remarks. 

Existing observational data (some of which has not been included here) 
appear to imply that the interstellar grains are most likely to be either of 
the dielectric type or trapped free radical type. 

The others were included in the discussion primarily to show that with the 
assumption of the Davis-Greenstein mechanism for orientation the directions 
of the magnetic fields are similarly defiLned in all cases but that there still re¬ 
mains the open question of their magnitudes. Pinally, there now appears 
to be well defined ways of making a unique selection of the particle type based 
on further astrophysical observations of the wave length dependance of the 
excitation and polarization (Greenberg and Meltzer [11]). When this has 
been accomplished the problem of calculating the strength of the magnetic 
fields from the degree of polarization will be much closer to solution. 
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Optical Astronomy al)ove the Earth’s Atmosphere. 

J. M. Gkeenberg (*) 

Bensselaer PolyteeJinic Institute - Troy, N. Y. 


Introduction. 

Ill order to picture the possible impact of observations involving large 
new bands in the electromagnetic spectrum it is only necessary to con¬ 
sider the obvious example of the effects of the advent of radio astronomy on 
our understanding of our galaxy and the universe. A further analogy may 
be made with the value of the early studies of cosmic radiation in providing 
an energy spectrum of nuclear interacttions which led to important advances 
in nuclear physics. Unfortunately the analogy ends here in the sense that 
whereas lal)oratory work through high energy accelerators can successfully 
imitate tlie phenomenon of cosmic rays, in astronomy we are largely limited to 
being passive observers and can generally only theoretically extrapolate to, 
rather than duplicate in the laboratory, the conditions and phenomena which 
we hope to explain. 

No attempt will be made here to present a complete survey of the important 
prol)lems which present themselves with the advent of the various proposed 
observations throughout the electromagnetic spectrum. Some of these have al¬ 
ready been discussed here and, of course, there already exists a large litera¬ 
ture of summaries and detailed studies of specific problems. 

We will however, try to cover some topics which are illustrative of the main 
features of the present studies and we will try to cover in somewhat greater 
detail those fields which appear most closely to relate to the general title of 
this course. Purthermore we will almost exclusively consider only the ultra¬ 
violet spectrum below the atmospheric cut-off by ozone (2900 A). 

As a means of getting oriented in the subject it is useful to see the limi¬ 
tations which the earth’s atmosphere places on astronomical observations. 


(*) At present on, leave from Bensselaer Polytechnic Institute as an O.E.E.C. 
Senior Visiting Pellow at Leiden Observatory. 
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These liimtations are schematically shown in Fig. 1 [1]. The figure not only- 
shows the atmospheric absorption but also shows such things as the maxi¬ 
mum of the blackbody radiation as a function of temperature. It can be 
seen that for T 1.0 000 °K the maximum falls at about the edge of the short 
wavelength limit of the optical window. 

Since temperatures considerably higher than this occur with high frequency 
it becomes immediately apparent that any studies which involve considera¬ 
tions of such temperature are severely hampered. It is worthwhile to consider 
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Fig. 1. — Schematic representation of the transparency of the terrestrial atmosphere 

as a function of wave length [1]. 


some of the already existing results of far ultraviolet work which has been 
done using rockets. Although this technique is subject to limitations it will 
play an extremely important role in preliminary surveys which will be used 
to prepare the way for the design of the satellite observatories. Hintbr-eg- 
GER [2] has presented some preliminary results of EUV (extreme ultraviolet) 
fluxes from the sun (see Fig. 2). We are not so interested for the moment in 
the quantitative aspects of these results but rather to show that even thought 
the photosphere temperature of the sun is only 6 000 °K nevertheless we ob¬ 
serve spectral features corresponding to extremely high temperatures, 
(^T-^IO^^K), and that, as is well known the resonance lines of the hydrogen 
and helium lie in a region which has heretofore not been observationally avail- 
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Fig. 2. - Solar extreme ultraviolet fluxes iu tlie upper atraospliere as determined from 

rocket flights. 



Fig. 3. - Estimated solar EUV photon fluxes on top of the earth’s atmosphere. The 
ordinates represent approximate photon-flux densities for an assumed constant wave¬ 
length bandwidth of 10 A. 
















Table I. - Solar resotiance lines for A> 500 A and Z = 1 to 14: () hare not been observed. 
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able. Figure 3 shows a graphical representation [2] of the photon fluxes 
between 1300 and 60 A that one may expect to measure with an instrument 
of spectral banwidth 10 A placed above the earth’s atmosphere. As is well 
known the excitation to highly ionized states of the heavier elements occurs 
only in the very high temperature of the chromosphere and corona. 

One of the fascinating problems which will undoubtedly receive attention 
is the question of whether the same temperature inversion seen in the sun’s 
atmosphere occurs in other stars. Also, how different will the coronas of stars 
of different spectral type be. This may be intimately related to the problem 
of the injection of high energy particles into interstellar space. To show where 
some of the observed and expected resonances lines from the sun are, we pre¬ 
sent Table I [3]. The need of such calculations for identiflcation purposes is 
stimulating renewed and expanded efforts in the field of theoretical spec¬ 
troscopy. There is a singularly important point with regard to stellar 
spectroscopy which should be kept in mind, and this regards the fact that 
just as our own atmosphere presents an obstacle to radiation reaching us, 
so also does the matter in interstellar space. We postpone a general dis¬ 
cussion of the positive aspects of observation of this interstellar matter but 
mention here the negative role that hydrogen and helium are expected to play 
in obscuring the radiation of almost all distant stars. Aller [4] has sum¬ 
marized his findings in the line and continuous absorption by hydrogen and 
finds for example, that for 10®’^ atoms/cm=*, the optical depth t would be 6 000 
at the Lyman limit, about 6 at 100 A and about 0.005 at 10 A. Assuming a 
hydrogen to helium ratio of 7, the optical depth due to He at A = 504 is 1000. 
At higher frequencies the helium absorption is more and more effective rela¬ 
tive to the hydrogen absorption and the net effect is that the strong Lyman 
continuum will effectively extinguish all the radiation between 1 = 912 and 
the soft X-ray region except perhaps in the spectra of some of the nearest 
stars and those at high galactic latitudes. 


1. - Continuous spectra of the stars. 


The distribution of stars acicording to their temperature and luminosity 
is illustrated in Fig. 4 [5J. The temperatures of very hot blue stars of types 
O—B—^A. have been estimated from their line and continuous spectra to range 
from 12 000 to 50 000 °K. A knowledge of the radiation of such stars in 
tlie ultraviolet is important because these hot bright stars are the chief sour¬ 
ces of radiation at least in the outer parts of our galaxy. The temperatures 
of interstellar gas and dust are controlled largely by the energy density of 
this dilute radiation. Furthermore any estimate on the life-times and evo¬ 
lutionary processes of such stars is based on their rates of energy produc- 
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tion. Figure 5 [1]) shows the energy distribution calculated for a main se¬ 
quence GO stars and a BO star compared with observations. While the 
observations appear to fit quite well the theoretical prediction in the usual 
optical range, it is quite evident, as shown in Fig. 6 [1], that we could be in 



Fig. 4. -Hertzsprung-Russell or temperature-luminosity diagram, showing the regions 
occupied by stars of various kinds of populations. 


for many surprises in the region of extrapolation into the far ultraviolet. The 
early work by the Naval Research Laboratory has, as a matter fact, already 
shown this to be true. Boggess reports that the stellar flux in the band 
2 = 1225 to 1350 A in a BOS V star {e Persei) was about af actor of thirty 
less than predicted [6]. 
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Fig. 6. - Spectd'al distribution of the radiation from stars of type <3^0 Y and BO V, 
extrapolated into the ultraviolet from the observed data of Pig. 5. 


16 - Ttendiconti HJ.F. - XIX. 
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2. - Stellar spectroscopy. 

As has already been shown, the resonance lines of the most common ele¬ 
ments occur in the ultraviolet (see Table I). Abundance determinations from 
ground-state transitions are the most reliable. These abundance determina¬ 
tions are one of the distinguishing features between Type I and Type II stars. 
It is expected that the Type I stars which occur in the spiral arms are being 
formed out of the gas and dust and analysis of the absorption line spectra of 
stellar atmospheres by the curve-of-growth technique has indicated that these 
stars have a generally higher ratio of heavy elements to hydrogen than do 
the type II stars. The curve of growth is theoretically determined as a plot 
of the equivalent width of an absorption line as a function of the product of 
the number of atoms times the f (oscillator strength) value, taking in account 
the Doppler effect. If we know the shape of a spectral line and consider the 
corresponding absorption through the stellar atmosphere of the continuum 
spectrum of the star, the abundance of a given element can be derived by the 
kink appearing in the continuum spectrum up to a limit which is reached when 
the blacking out is complete. 


3. - The interstellar medium. 

Observations of atomic absorption lines should give detailed infonnation 
on the physical conditions of the interstellar gas—its temperature, level of 
ionization, electron density and chemical composition. The only interstellar 
absorption lines of any strength in the presently accessible spectral region are 
those of Hal and Call (hydrogen is about 10® to 10® times as abundant as 
sodium). The newly opened spectral range will make available the lines of 
more abundant atoms such as 0, H, O, Mg, Fe in different states of ionization. 
It will be possible to make great improvements in the observation of the velo¬ 
cities of neighbom’ing gas clouds and thus to have a much better foundation 
for theories of interstellar gas dynamics. Insofar as the density of hydrogen 
is concerned, we have here a problem created by its great abundance. The 
absorption by neutral hydrogen will very often be so high that the Lyman a 
line will be completely saturated over several angstroms width. However 
simply by going up the scale of excitation it may still be possible to consider 
sufficiently weak lines to obtain direct quantitative estimates of the hydrogen 
density. In neutral hydrogen regions the 21 cm work has given the only direct 
information on hydrogen density. In regions where hydrogen is predominantly 
ionized the hydrogen density has had to be inferred from rather rough esti¬ 
mates of absorption by relatively uncommon substances (Ca, Oa^, Ha, K '', Ti'^) 
taken together with an assumed hydrogen/metal abundance ratio. 
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Now, in principle, measurements of the strengths of the higher members 
of the Lyman series of hydrogen together with measurements of the strength 
of the Fell lines ((2 000-^-2 700) A) of 01 (1661 A), 011 (1336 A) will give a 
far more reliable estimate of the hydrogen/metal abundance ratio. It would 
be very interesting if different spiral arms gave significantly different results 
for this ratio because we might then perhaps be able to establish different age 
scales to stars in them. In connection with the mass distribution in the galaxy 
and with the heat balance of the interstellar gas an important unsolved problem 



is the question of the density of the H 2 molecule in appreciable abundance in 
interstellar space [7]. The measurement of the Hg lines (1108 and 1000 A) 
would determine whether or not it is an important constituent of the inter¬ 
stellar matter. 

Just as the Lyman continuum of hydrogen is expected to produce a con¬ 
siderable opacity so also will the interstellar dust although not to such a 
degree. Nevertheless any interpretations of the continuum radiation of stars 
will have to take into account the obscuration by the grains over the entire 
ultraviolet spectrum. While the effect of the grains is reasonably well known 
in the visible and near ultraviolet and is quite constant insofar as the wave¬ 
length dependence of the absorption is concerned, it is quite unlikely that 
extrapolations of the reddening curve will be very reliable. Figure 7 [8] shows 
the present extent of information on absorption by the interstellar dust. Fig- 




Fig. 8. - Transparency of interstellar matter of average density in the -wavelength 
interval 100 to 31000 A. The heavy segment at (3000-r- 20000) A is the part that 

has been observed from the ground (see Fig. 7). 
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ure 8 [1] shows a possible extension of this curve into the far ultraviolet. The 
first vertical line is at Lyman a and the second one, where total obscuration 
is indicated, is at = 912 A, the beginning of the Lyman continuum of hy¬ 
drogen. However this extension could be easily in considerable error as can 
be seen in Fig. 9 [9] where it is shown that even for identical distributions of 
interstellar grains, the effect of orientation in varying degrees may alter the ultra¬ 
violet exstinction by a considerable fraction. This effect has been calculated on 
the classical basis assuming the type of grains proposed by Ooet and van db 
Hulst [10]. In this calculation the only property of grains which has been 
considered is the variation in their scattering with orientation. Naturally a mo¬ 
re complete theory would involve such additional properties as the wave length- 
dependence of the index of refraction. It will be quite important, therefore, to 
extend the curve for interstellar absorption observationally, into an uncharted 
spectral region. Since the stellar continuum in this region is, as yet, unknown, 
and since this is usually a basic datum needed to determine the interstellar 
extinction one should attempt to by-pass this method, if possible. One such 
method has been proposed based on the emissions of diffuse nebulae. The rela¬ 
tive intensities of the lines in the [O III] transition (involving the ^i>a, 
3Pi,2 states) are well known from quantum mechanical data and therefore 
permit a determination of the extinction curve over a rainge from X 5 007 to 
X 2 322 A. For example, all that need be known in comparing the observed 
intensities of A 4 363 and X 2 322 A are the corresponding / values. Since the 
longer wave length is well within the region of ground-based observations this 
would then connect the known extinction curve in an absolute way into the 
ultraviolet. Other such cases can be cited as perhaps especially useful. The 
converse of this problem is equally important. Much of the uncertainty re¬ 
garding the temperature and composition of gaseous nebulae will be resolved 
upon adequately determining the wave length dependence of the extinction 
by the grains because this extinction alters the relative intensities of nebulae 
emission lines in different parts of the spectrum. It should be noted that, 
whereas the effect of the interstellar grains is commonly called interstellar red¬ 
dening, it may well turn out that in the ultraviolet the effect may better be 
called interstellar blueing. The interstellar grains play an important role in. 
such things as determination of galactic magnetic fields, temperatures of gas 
clouds and are a possible means by whicli interstellar molecular hydrogen is 
formed. Therefore it is crucial that observations be made which will help to 
decide which among the various theories of the grains is most nearly correct. 
The particular choice will have a considerable effect on general theories of the 
interstellar medium. It will also be related to the question of relative cosmic 
abundances of the elements although here the various theories of the grains 
do not differ by a large amount. 
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The History of Cosmic Radiation 
as Revealed by Isotopic Changes in the Meteorites and on the Earth. 
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1. - Introduction. (*) 

In meteorites, in the atmospheres of the eaxth and at the surface of the 
moon nuclear transformations are continuously induced by cosmic radiation 
and solar high-energy particles at an appreciable rate. Detectable amounts 
of a number of stable and radioactive isotopes are produced, the determi¬ 
nation of which gives information on a variety of subjects, such as the life 
history and origin of meteorites, the times scales of terrestrial, historical, pre- 
historical, and geological events, and the intensity, energy spectrum, spatial 
distribution and possible time variations of the cosmic and high-energy solar 
radiations. 

In this paper we shall deal mainly with those aspects of the field which 
have bearing on cosmic radiation and solar radiation studies. 

The meteorites, the lunar surface and the terrestrial atmosphere are far 
from being ideal targets for cosmic-ray experiments for the following reasons: 
The meteorites are objects of irregular shape, the preatmospheric size and 
shape of which is not known and may slowly change with time due to space 
erosion. Their orbital elements are not well known, and they are composed 
of different target nuclei. The spallation nuclei produced in the atmosphere 
are dispersed by very complex meteorological and geochenoical processes into 
a variety of reservoirs, thus making a quantitative evaluation difficult. 

However, the only information available to us on the history of the cosmic 
and solar high energy radiations is recorded by spallation products contained 


(*) At the Varenna Summer School eight years ago P. G. Houtermans [1] has 
given a lecture entitled Gosmio Badiation in the Past. It may be seen from that article, 
that many problems and methods of probing the history of cosmic radiation already 
were known or envisioned at that time. Many other problems or methods have arisen 
since. During the last eight years much more work has been done in this field, although 
we are still at the beginning only of understanding the record on the history of oosnoic 
radiation which is preserved in nature. 
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in objects like meteorites or tke layers of ice masses and deep sea sediments. 
It is mainly for this reason that almost any experimental effort to measure 
cosmic ray-prodnced isotopes and to elaborate theoretical attempts of interpre¬ 
tation are justified. 

2. - The history of cosmic and solar radiations deduced from isotopes produced in 
the atmosphere. 

The observed agreement between ^*0-ages and historical ages was the first 
information concerning the history of cosmic radiation (Libby [2]). The in¬ 
tensity was shown to have been constant over the last few thousand years 
within a few percent (Fig. 1). In addition, a reasonable agreement between 



historical age (y) 

observed radioactivities of samples of known age after 
Libby [3], showing that the cosmic radiation intensity has been essentially constant 

during the last several thousand years. 
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the ^*0 and the lonium/Protactininm time scales has been established for 
several 10'‘ years (Kulp and Volchok [4]), Rosholt et al. [5]). As the errors 
of the lo/Pa method and similar methods are of the order of 6 000 years, the 
constancy of cosmic radiation over this period is estaiblished by this method 
only within a factor of two. 

More recent accurate measurements on tree rings extending back over 
3 000 years have shown time variations in the specific ^'‘C-activity of up to 
a few percent. However, these effects can not be interpreted unambiguously 
in terms of time variations of the cosmic ray intensity. They may be explained 
as well by a change of the rate of COa-mixing between the atmosphere and 
other reservoirs, or by relatively small changes of the strength of the mag¬ 
netic field of the earth. An apparent systematic change of the specific 
^KVactivity might be simulated by an error in the adopted half life of 5 568 years. 
(DeVries [6]; Willis, Tauber and Munnioh [7]; Suess [8]). 

The record on the history of high energy particle radiation over the last 
few million years is preserved by the ^®Be-concentrations in deep sea sediments 
(Peters [9]; Arnold [10]). ^“Be is produced in the atmosphere and carried 
down by precipitation. The fraction which is precipitated into the sea is 
settling to the ocean floor in a relatively short time, probably within a few 
hundred years because of the low solubility of beryllium. The ages of different 
layers of the sedimentary column can be obtained from radioactive methods 
(protactinium-ionium, potassium-argon), and sedimentation rates may be cal¬ 
culated. From this the “Be production rate .P{t) per cm*^ sediment can be 
inferred as a function of time by the relation: 

(1) JP{t) = -K • ['"Be] • exp [M] , 

where R is the rate of sedimentation in grams per cni*^ and year, [“Be] is tlie 
concentration of “Be per gram, and t the age of the sediment layer under 
investigation. 

P{t) is related to the total cosmic and solar radiation flux. “Be measure¬ 
ments and their interpretation and the dating of deep sea sediments are very 
difflcult problems, but in principle this method would enable us to look for 
intensity variations during the last several million years with a time resolution 
of a few thousand years. Thus, it is suitable for detecting short high-intensity 
«bursts» of high-energy radiation. Events such as solar bursts of a far 
greater magnitude than observed during the short period of historical ob¬ 
servation, or novae or supernovae explosions in the vicinity of the solar 
system are detectable by this method. 

Variations of the cosmic radiation intensity during the last 50 to 80 years 
may be detected by measuring the ®H-contents in the layers of the ice of 
glaciers and ice caps (Begemann [11]). The dating in this case is done by 
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observing and counting the seasonal variations in the crystalline structure of 
the ice or in the isotopic variations of oxygen or hydrogen (cf. Epstein [12]). 
Such measurements would give an integral picture of the intensity variations 
connected with the solar cycle. A positive correlation with the solar activity 
would mean that during the active period the solar output more than com¬ 
pensates the decrease of the galactic flux caused by the ejection of plasma 
from the sun, whereas a negative correlation would mean the opposite. First 
measurements by Begemann [11] indicate a negative correlation. Oompara- 
tive measurements of ®H-variations in polar ice caps and in glaciers at lower 
latitude might reveal something on the energy of the particles which are af¬ 
fected by these changes. 

The measured inventory of ^*0 on earth agrees very well with the pro¬ 
duction rate calculated from the flux of galactic cosmic radiation. This agree¬ 
ment places an upper limit on the total output of solar high-energy particles 
(Lal and Petebs [13]). 

The spallation nuclei produced in the atmosphere are not only being used 
as radiation monitors, but also applied for the investigation of fundamental 
geophysical problems or historical questions. Often methods based on spal¬ 
lation isotopes have given answers to geophysical problems of a far more general 
character than had been obtained before with classical methods. So, the ge¬ 
neral circulation in the atmosphere has been studied, exchange times between 
the troposphere and stratosphere or the northern and southern hemispheres 
have been determined and air masses can be followed along their way from the 
stratosphere to the troposphere (cf. Lal and Petebs [13]). The complex ex¬ 
change system between the atmosphere, the ocean and the biosphere has been 
studied and exchange rates have been ascertained (Cbaig [14]). Also it was 
possible to directly measure the velocity of deep sea currents (Rakestbaw 
et aZ. [15]; Been et al. [16]) and to develop models for the mixing of oceanic 
water masses (Bboecker et al. [17]). 


S. - Spallation isotopes in meteorites. 

It is known from radioactive dating that meteorites are very old, many 
of them having ages of more than 4 billion years (*). These radioactive ages 
refer to the time at which the meteorite attained its chemical composition 
and its crystal structure. However, nothing is inferred about the length of 
time during which the meteorite has been exposed to the cosmic radiation. 
In fact, all theories of meteorite formation (cf. Urey [20]; Anders and 


(’) For further studies of the general subject of this chapter see ZIhbikgeb [18] 
in this volume and Eberhardt and Geiss [19J and references therein. 
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OoLES [21]) suppose that the meteorites originally were formed as parts of 
much larger bodies and were separated from these at some later date, pre¬ 
sumably by collision processes. 

It. is generally beheved that meteorites originate in the asteroidal belt, 
although very little direct proof for this does exist. A precise calculation of 
an orbit from photographs 
obtained with rotating-shutter 
cameras has been possible only 
in the case of the chondritic 
meteorite Pribram, which fell 
in 1959, leading to a perihelion 
distance of 0.8 a.u., and an 
aphelion distance of 4 a.u. 

(Oepleoha [22]); (cf. Fig. 2). 

Estimates on the orbits of 
other meteorites which are ba¬ 
sed on visual observations by 
untrained observers are of very 
poor accuracy, but usually have 
led to similar orbital elements. 

In this discussion w-e shall assume therefore, that the meteorites generally 
have aphelion distances of (3-^5) a.u. and perihelion distances of 1 a.u. or less, 
although there may quite possibly exist some meteorites with essentially dif¬ 
ferent orbits. Even the possibility that some meteorites come from the moon 
cannot be excluded. 

After the meteorite has been liberated from its parent body, its matter 
is exposed to cosmic radiation, and many stable and radioactive spallation 
prodiK'ts are formed. The irradiation is terminated at the time of fall of the 
meteorite, because the magnetic field and the atmosphere of the earth cut 
down the level of irradiation by some orders of magnitude. 

Cosmic ray-produced nuclei in most cases can be readily identified. Eadio- 
active isotopes with T< 10® years cannot have survived since the cessation 
of the nucleosynthesis processes and therefore must have been formed by 
irradiation more recently (intermediate products of the three radioactive series 
are excluded). Stable and long lived spallation products are recognized from 
abnormal isotopic compositions. Their detectability is restricted to rare iso¬ 
topes of rare elements, e.g. most of the rare gas isotopes, *®Sc, etc. Further 
proof for the cosmic-ray origin of these isotopes are the dependence of their 
concentrations on the size of the meteorite (Batjbel [23]) and the depth-depen¬ 
dence within the meteorite itself (Hofman and Nibe [24]; Signer and UsTieb [26]). 

The length of time during w'^hich a meteorite was exposed to cosmic radia¬ 
tion may be calculated under certain assumptions. We define the «radiation 




Fig. 2. - Orbit of the chondritic meteorite 
Pribram calculated by Ceplecha [22]. 
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age » of a meteorite by tbe following relation: 


( 2 ) 


T 


^ ST 


where is the number of atoms of a stable spallation prodnct, d^l^/dt the 
number of decaying atoms per unit time of a radioactive spallation product, 
and and P^y are the respective production rates. gives the time of the 
separation of the meteorite from a larger parent body if 

a) the meteorite was incorporated in the parent body in such a way 
that it was completely shielded from cosmic radiation, 

b) the meteorite was not changed in size or shape by further collisions 
or by space erosion after the separation from the parent body, 

o) the cosmic ray intensity, composition and spectrum was constant 
during the time of exposure, 

estimated with sufficient accuracy. 

obtained from cross-section measurements with artificially accel¬ 
erated protons and a-particles at various energies. In a very small meteorite 
the P-values would be obtained by integrating the cross-sections over the 
cosmic ray spectrum. In a meteorite of finite size, the energy spectrum is 
modified because of absorption, slowing down and secondary production, but 
it can be deduced from the concentrations of several spallation nuclei (cf. Sec¬ 
tion 4) and meaningful radiation ages may be obtained. 

If such pairs of a stable and a radioactive isotope are taken, for which the 
ratio of their production cross-sections does not depend greatly on the energy, 
radiation ages may be calculated safely from a pair alone. This is the case 
if the two nuclei are neighbours far away from the target nucleus; i.e. the 
pairs or ®®A/®®01 are well suited for the determination of radiation ages 

in iron meteorites. 

In stone meteorites, radiation ages calculated from the ®He/3H ratio are 
relatively rehable, because their production rates depend much less on the 
chemical composition than the production rates of remnant nuclei. 

So far radiation ages have revealed some very interesting features: 

1) In all cases the radiation ages are much smaller than the radio¬ 
active ages. 

2) Iron meteorites and stone meteorites have very different radiation 
ages. Most of the irons give (10®-r-10*) years, whereas most of the stones give 
values smaller than 10® years. 
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3) There appears to he a grouping of radiation ages if certain meteorite 
classes are regarded separately. The ®He/®H radiation ages of chondrites show 
such a concentration at about 22 • 10« y. (Gbiss, Oeschgbr. and Signer [26]) 
suggesting a definite collision process at that time, which created many of the 
chondritic meteorites (Fig. 3). Itecently Wakne [28] and Heymann and 
Schaeffer [29] have suggested, that also for iron meteorites there is a grouping 
of radiation ages, in this case at about 500 to 600 million years. 

The obvious explanation for the striking discrepancy between the radia¬ 
tion ages of iron and stone meteorites would seem to be space erosion, because 
of their different crushing strengths (Fireman and De Felice [30]). In case 


m... n _ 

8 10 20 m.y. 

Pig. 3. - Radiation ages of 
chondi ites as measured by the 
®He/®II-raethod after GeiSvS, 
Oeschgbr and Signer [26], 
inohiding values of G-oebel 
et al. [27], showing a grouping 
around 22*1 ** y. 


of a constant erosion rate y and constant cosmic 
ray intensity the radiation age T» as defined in 
eq. (2), measured in the center of a spherical me¬ 
teorite, is connected with the break-np time by 
the following equation (Whipple and Fireman [31]). 


(3) 



1 — exp 



(i is a characteristic absorption length for the 
cosmic radiation). 

Two limiting cases may be distinguished: 


yTs<^L (low erosion rate): , 

(high erosion rate): T«= Ljy . 


The relatively small crushing strength of stone meteorites therefore seemingly 
would explain their comparatively low radiation ages, which would be given 
essentially by the erosion rate. 

Several arguments, however, may be put forward against this. One is, 
that not the macroscopic crushing strength but the hardness of the individual 
grains in stone meteorites determines the rate of erosion caused by dust (Geiss 
and Oeschger [32]). Another argument, put forward by XJrey [33], is that 
strong space erosion would lead to a size distribution of stone meteorites which 
disagrees with the observation. Another one is, that there exist stone me¬ 
teorites having radiation ages greater than 10® years (Begemann, Geiss and 
Hess [34]). 

We believe, therefore, that at least those radiation ages of meteorites which 
are of the order of 10’ years are determined by one or several collision pro¬ 
cesses between sizable objects and are very little influenced by erosion. This 
would he substantiated by the finding of the mentioned grouping in the radia¬ 
tion ages. However, we do not want to exclude the possibility that the ah- 
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sence of radiation ages of stone meteorites of several hundred million years- 
and more might be due to some preferential erosion meclianism. 

There actually exists a very direct way of deciding the question whether 
space erosion is a determining factor in the radiation ages of stone meteorites 
or not. is produced in appreciable amounts in meteorites by slow neutrons 
from ®®01(n, y)®®C1, as has been calculated recently by Eberhardt, Oeibs and 
Ltjtz [35]. The flux of slow neutrons is strongly size-dependent so tiiat an 
appreciable production of by this process is only possible in meteorites 
above a certain size (about 30 cm radius, cf. Eig. 4). If necessary, this may 



dovTi density q of neutrons at two different Forini-ages in centc^r of 
chondritic meteorite. Values given are without absorption. Actual slowing down 
density is obtained by multiplying g; with the resonance escape probability (after 

Eberhardt, GtEiss and Lutz [35]). 


be distinguished from ««A of other origin by looking into chlorine-containing 
eompone^s in the meteorite. If then large and very small stone meteorites 
contain to nentrou-prodneed “A in comparable concentrations relative to 
orme, e small meteorites must once have gone through the optimal size 
re^on for sloiv neutron flnxes which Ues roughly between 60 and 200 cm radius 

and space erosion would indeed he the factor determining the life-time of a 
Stone meteorite in space. 

The oldest radiation ages of iron meteorites found so far are about (t—2) bil- 

Itot SOHAEPPBB [37]). This gives a lowoi- 

limit for the time-integral of the cosmic radiation intensity, which is 


i 


I6.t = . 


An upper limit for the dust density in space along the path of the iror 
meteorites, averaged over the last one or two billion yeL cLCd^ 
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the consideration that some of these meteoi’ites have survived dust bombard¬ 
ment for this length of time. A value of the order of g/cm® is obtained 

(cf. Geiss and Obschgee, [32]). This upper limit is considerably lower than 
dust densities derived from, observations on the zodiacal light (van de 
Hijlst [38]; ElsAssee [39]) , but of course the two methods are determining 
dust densities at quite different regions in space. 

The presence of cosmic ray-produced isotopes in objects of questionable 
origin can be used as definite proof for an extraterrestrial source. This argu¬ 
ment has been of considerable importance in the discussion of the origin of 
tektites (Anders [40]). 

By measuring the concentration of cosmic ray-produced isotopes in lunar 
material it will be possible to investigate the history of the surface of the moon. 
The radiation ages of lunar samples will help to decide whether the lunar 
surface is very ancient or whether it is undergoing changes through diiferen- 
tiation processes (O’Keefe [41]) or through dust movement (Gold [42]), and 
will allow quantitative estimates of the time scales involved, 


4. - Spallation reactions. 


In order to quantitatively compare the observed abundances of spallation 
nuclei with their expected production rates we have to discuss the properties 
of spallation reactions. 

Accelerator experiments have shown that the cross-sections of the various 
remnant nuclei produced by spallation from a target nucleus of mass Ao are 
smooth functions of the kinetic energy E and of the total mass loss A A 
(Eudstam [43]; Baer [44]). The total cross-section of an isobar (sum of the 
cross-sections of all nuclei of an isobar) can be represented by the following 
relation (cf. Honda and Lal [46]): 

(4) " (y(AA, E) = UoA} cE"^ exp [— eE ** AA] 

an extension of the formula given by Eudstam [43]. This formula is experi¬ 
mentally verified for protons between 50 MeV and 5.7 GeV, Some experi¬ 
mental evidence exists that there is little difference, if any at all, between the 
production rates of protons, oc-particles and neutrons. For light spallation 
products the main contribution to the production is from the directly produced 
or evaporated fragments. This effect is negligible for spallation products with 
mass A >20, at least up to 5.7 GeV. For AA = 1 to 5, deviations from 
eq. (4) occur; for AA=2 to 6, these deviations are restricted to higher 
energies. 
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In eq. (4), (r(AJL, JE) is normalized so that 



0 


= 0*0 Af 


gives the total inelastic cross-section which has been shown experimentally 
to be approximately independent of the energy and proportional to the geo¬ 
metric cross-section, c is a constant depending only on JLo- This .do-depen¬ 
dence which is derived by Oesohger and Schwarz [46] is important for the 
interpretation of the abundances of cosmic ray-produced isotopes in stone 
meteorites. The iron-cobalt-nickel alloy of most iron meteorites can be repre¬ 
sented with sufficient accuracy by the nucleus ®®Fe. Tor this target nucleus 
the constant c is 0.11 (GeY)^. 

If f{jE)A.JE is the differential (kinetic) energy spectrum of irradiation, the 
production rates are calculated by the equation: 


(5) N{LA) =jf{E)G{l^A, E)^E , 

0 

^(Ad.) is the production rate of an isobar per iron atom. 

Recently, in an extensive study, Arnold, Honda and Tax. [47] have cal¬ 
culated by numerical integration the production rates of the various spalla¬ 
tion products at different depths in iron meteorites on the basis of the observed 
cosmic ray spectrum, the development of secondaries in the atmosphere and 
spallation excitation functions. By comparison with measured concentrations 
of radioactive spallation nuclei in the iron meteorite Aroos (cf. Section 6), 
they conclude that all these nuclei are in equilibrium, indicating an essentially 
constant cosmic ray flux. 

In this paper we shall use a somewhat different approach. We shall attempt 
to keep an analytical treatment for eq. (5) throughout the discu^ion. JV(AA) 
is an integral transform of f{E) which transforms the energy spectrum of irra¬ 
diation into the AA spectrum. In fact, if 

(6) s = eE-^ 
is substituted, we obtain 


(7) 


oo 


A'(AA) = / g{s) exp [— AAs]ds , 
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3 

where W{AA) is the Laplace-transfornT of g{s). This enables us to explicitly 
calculate the energy spectrum of irradiation through the inverse transform: 

as+ioo 

(8) fiB) d.B = ^ f exp AA'] NiAA) d(AJL) , 

ICqMj j 

CO 

with AA = x-\-iy. 

For instance • * . 

(9) /(J57)dF7 = 


{la) 


g{s) = IcoC^f 


'0\i 
'S 


reBxilts in a spallation product distribution 

( 10 ) N{AA)==t^-jfj^^:^r{n), 
with 

( 11 ) 
and 

(12) % = ^(3a — 1) . 

In this treatment we have always extended the integration, from 0 to oo, 
although at these limits neither the energy spectrum nor the excitation func¬ 
tion a{IJ, AJL) in the form used here are consistent with the experimental facts. 

, It is shown in the following discussion, that these limits of integration are of 
little influence in the result. 

The analytical treatment used here enables us to calculate very easily the 
energy range mainly responsible for the production of a certain isobar AA. 
For an illustration we take a —1.67 and obtain JV(Aj 4.)<~-'1/(AJL)“, an «-value 
which roughly corresponds to effective energy spectra in meteorites (*). The 
contribution of the different energies ot the production to some AA isobars 
is plotted in Fig. 5. The energy of maximum production JS7,» is given by 

(13) = 5.7 (AA)^ [MeY] 


(') An integer n is chosen because the following relations (13) and (14) can be 
expressed in simple terms. 


r{n) 


CO 

. J ^n-l g~«> 


dOD 


17 - JRendiconti S.I.F'. - XIX. 
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and the median energy J?j, (*) hy 

(14) ^7^ = 17.3(AJ.)^ [MeV] . 

The energy range between and 2^j, is responsible for 60 % of the production 
for a given AA isobar (Table I). Thus, for aU practical purposes, there exists 



Fig. 6. - Contribution of different energies to the production Of certain isobars. 
An irradiation spectrum /(JE?) dJE? = dJB is assumed {B = kinetic energy). The 

energy range between and 2B^ produces 60 percent of the isobar (cf. Table 1). 


a characteristic limited energy range which is responsible for the production 
of an insobar. If the range of considered AA’s is restricted, only a limited 
energy range contributes appreciably to the production. Thus, the extreme 
energy ranges (^ 0 and ^ oo) are of little influence on the AA distribution. 
On the other side, the spectral form in these extreme ranges can not be inferred 
from the limited AA range. From this follows that in practical cases the 
integral in eqs. (6) and (6) may be safely extended from 0 to oo, if only the 
spectral form is known over the range which appreciably contributes to the 
production. 


5. - The application to stable isotopes in meteorites. 

In an infinitesimally small iron meteorite the AA distribution directly leads 
to the energy spectrum of the cosmic radiation. In a practical case the pos- 


(•) J.e., 50% of production above and 50% below 
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sible contamination of the iron-cobalt-nickel alloy with elements of lower 

taken into account. For instance sulfur, contained 
production cross-section for ^^bie which is 7 times 


atomic number has to be 
in troilite inclusions has a 
higher than that for iron. 

For a meteorite of finite size the 
the cosmic or solar radiation is 
modified by ionization, absorption 
and the production of secondaries, 
including mesons. Here the A.A 
distribution represents the actual 
irradiation spectrum at the site 
of the sample. 

Because of the long irradiation 
times involved the stable spallation 
isotopes in meteorites in most 
cases represent the total isobar. 
Therefore, they directly give a 
If{AA) distribution. In Fig. 6 
average rare gas spallation isotope 
abundances in the iron meteorite 
Grant (Signer and Hier [25]) are 
plotted. A ^®Sc value is included 
obtained from average 
ration of relatively small iron 
meteorites given by WiiNKE [48]. 

*®A, whicli does not represent the 
total isobar, has been corrected 
according to the cross-se(*tiions 
given by Barr [44], A distribution 

(15) , 


original energy and mass spectrum of 



Fig. 6. - Abimdaiices of cosmic I’ay-produced 
isotopes ^^No, •’’•A and s^A measured by 

Signer and Nikr [25] in the Grant meteorite. 
A ratio 5.0 isi taken. The A-value 

is corrected after Barr [44]. ^®S<i is included 
from the average ratio ^®Scy“®Ne~ 18 found 
by WAnke [48] in iron ineteorites smaller than 
500 kg. Curve give.s distrihution. 


gives a very good fit witli tlie experimental! values (cf. Fig. 0), corresponding 
to an energy siiectrum 


(Id) 


J{E)dE 


/« 

7<;i.o3 


(W 


Recently Honda and Stauffer [49] have succeeded in measuring spallation- 
produced ‘‘®0a and The inclusion of these isotopes into a plot like Fig. 6 
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Fig. 7. — Log JV' V8. log A A plot of stable spallation nuclei in the Grrant meteorite 
(of. Fig. 6). Dashed lines corresponding to energy spectra with a— 1.80 and oc— 2.07 
indicate how sensitively AA distribution reacts to change in irradiation spectrum. 

will extend the AA range appreciably. From. Fig. 7 it can be seen bow sensi¬ 
tive a NiAA) vs. AA plot is in determining irradiation spectra. 


6. - The intensity of cosmic radiation during the last 10'^ years. 

The comparison of spallation nuclei of different half-lives in meteorites 
affords an insight into the history of the cosmic and solar radiations. In prin¬ 
ciple, the method is to compare the concentrations of the radioactive nuclei 
with their production cross-sections. From this it can be judged whether the 
nuclei of different half-lives are in equilibrium or not, which is a check on the 
time-constancy of the radiation intensity. It was shown in Section 3 that 
many meteorites have radiation ages much longer than 10’ years and that 
space erosion for periods of 10’ years or less can, probably be neglected for 
stone meteorites and certainly for irons. So meteorites are workable monitors 
of the radiation intensity during the last 10’ years. 

Two qualifications, however, have to be made. In the first place, it can 
not be excluded that one or the other meteorite has suffered a chance collision 
during the last 10’ years. This would result* in a change of the degree of 
shielding for a particular piece of the meteorite and would simulate an increase 
of the radiation intensity with time. It can be assumed that this has hap¬ 
pened only to a small fraction of the meteorites so that this problem may be 



THE HISTORY OP COSMIC RADIATION AS REVEALED BY ISOTOPIC CHANGES ETC. 


261 


overcome by investigating several different meteorites- Secondly, during the 
last 10’ years the orbital elements of a meteorite may have appreciably changed 
due to perturbations by the planets. Therefore, it should be born in mind 
that during this period the meteorite perhaps is scanning different parts of 
the interplanetary space with different radiation intensities at different times, 
and time variations may be simulated by this effect. 

Honda, Shedlovsky and Aenold [50] have measured for the first time a 
large number of radioactive spallation 
nuclei in the same sample of an iron 
meteorite, the meteorite Aroos which fell 
in 1959. In addition, Fireman and De- 
FeI/ICE [30] have measured the A and =*®A 
concentrations in the same meteorite. Al¬ 
ready in their first publication Honda, 

Shedlovsky and Arnold [50] point out 
that all these isotopes with different half- 
lives have abundances which indicate 
equilibrium within the limits of experi¬ 
mental error and the uncertainty of 
estimated production rates. This was 
sub stantiated by the work of Arnold, 

Honda and Lal [47], as was mentioned 
before. 

For the discussion we calculate from 
the measured activities of the radio¬ 
active isotopes the production rates, of 
the total isobars in the meteorite sample, 
taking the relative cross-sections for the 
nuclei of an isobar from the experimental 

and interpolated figures' given by Barr [44] (*). These values, called « ac¬ 
tivities of isobars », are plotted m. AA in Fig. 8. A distribution in agree¬ 
ment with the (AA)-®’‘* distribution of the stable isotopes in the Grant meteo¬ 
rite is obtained, indicating a very similar irradiation spectrum in the two 
samples. In Fig. 9 the « activities of isobars » are multiplied by (AA)®-^ and 
plotted vs. the half-life. In this way the experimental activities of the isotopes 
with different half-lives are normalized to their expected production rates so 
that a systematic trend with time would appear. This normalization is based 
on the observed A A distribution in this meteorite (Fig. 8) and the observed 



Fig. 8. - Radioactive spallation, pro¬ 
ducts in the iron meteorite Aroos mea¬ 
sured by Honda, Shedlovsky and 
Arnold [50], including ®’A and ®®A va¬ 
lues by BhREMAN and De Felice [30]. 
The « activities of the isobars »derived 
from the measured activities of spal¬ 
lation nuclei are plotted vs, A A. 


(•) BaiT’s experiments were performed at 5.7 GeV with a copper target. These 
data may be taken as average values because the distribution of spallation nuclei is 
practically independent of the energy (Rudstam [43], Barr [44]). 
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AA distrilbution of the stalble isotopes in a meteorite of not too different size 
(Fig. 6 and 7). The second argument would be much more straightforward 
if the stable isotope distribution would be taken from the same meteorite. 
Unfortunately stable isotope data of Aroos are not yet available to us (*). 

The measured activities of all 
the radioactive isotopes agree 
within a factor of two with the 
theoretical production rates, and 
no systematic trends can be dis¬ 
cerned. As our calculations do 
not take into account fragmen¬ 
tation products, Fig. 8 and 9 do 
not include ^^Be. Also ®®Mn, with 
AA = 3, is not included, as no 
stable isotopes with low AA were 
measured, which would control 
the irradiation spectrum at the 
low energies. The calculations of 
Arnold, Honda and Lal [47] 
indicate that also these isotopes are in equilibrium. The measured '‘“Al con¬ 
centration is relatively high. This could be due to a small amount of troilite 
in the sample (Arnold, Honda and Lal [47]). The relatively high abundance 
of ®^A will be discussed in Section 8. 


20 d 


50 100 1y 
ho/f /ife 


10 ^ 10 ^ 


10 “ 


Fig. 9. — liatio of observed activity to theoret¬ 
ical production rate of spallation products in 
Aroos iron meteorite vs. half-life. 


Within the , limits of error the radioactive spallation products with half- 
lives from 15 days to 2.5-10® years or more (®®Mn) seem to be in equilibrium. 
This shows that the cosmic plus solar radiation intensities have been essen¬ 
tially constant during the last several million years, within the limits discussed 
in the next Section. 


7. - Detectability of intensity variations. 

If I(t) is the radiation intensity as a function of time, the number W(A) 
of nuclei of a radioactive isotope with a decay constant A present immediately 
after the fall of the meteorite is given by the Laplace transform 


(17) 

0 


(*) If the stable and the radioactive spallation-product distributions in a meteorite 
sample yield the same exponent 7i (cf. eq. (10)), a constancy of the irradiation spectrum 
at the site of the sample during the period of exposure of the meteorite is indicated. 


A(A) 




I{t) exp [—Ai] di 
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where is an average cross-section for the production of the isotope with 
decay constant A'. JV^(A) is given in-numbers of radioactive nuclei per target 
nucleus. 

The irradiation intensity, as a function of time, can be calculated explicitly 
by means of the inverse Laplace-transform (cf. eq. (8)) from the measured 
abundances of radioactive spallation products with different decay con¬ 

stants. Of course, a sufficiently accurate continuous function ]!iJ'{X) can be 
given only if enough different spallation products are precisely measm-ed. 

For constant radiation intensity, JV(A) becomes 

{18) JV(A) = , 

JV'(A) is in equilibrium with the radiation, i.e. production and decay rates are 
equal. 

In the following we consider two types of possible time variations of the 
radiation intensity and their transformation into the « A-space ». These are 
the harmonic oscillation, and the short burst. 

From 

(19) I(«) = lo + Ji sin (co« — 9 ?) 
one obtains 

>1 A ., CO 

(20) - iV(A) = I„ -t- sin {oc -- (p) , with tg a = -r , 

Oa V A“ -h co‘^ ^ 

J/(A) is a function of A/co and of cp. <p is the phase of the harmonic component 
of the radiation at the time of fall. 

The periodicity of the radiation intensity results in a periodicity of N{X) 
with respect to the time of fall. .However, tlie periodic component of the 
radiation is by a factor A/'\/A‘-*+co® less effective than the constant compo¬ 
nent, which has to be born in mind when expressing the content of Fig. 9 in 
terms of intensity variations. An instructive example is the reaction of the 
8H-concentration to irradiation fluctuations with the solar cycle. Here, the 
factor A/VA^Tc?^ is 0.096. Therefore, tritium has too long a half life to pick 
up efficiently presumed solar-cycle variation in meteorites. Its concentration 
should depend relatively little on the time of fall of the meteorites. Thus tritium 
is sufficiently averaging intensity variations resulting from the 11 years cycle 
and may be safely used for the calculation of radiation ages of meteorites. 

^aisTa is a suitable isotope for detecting solar-cycle intensity variations in 
meteorites, because it is averaging sufficiently well over the orbit, but not 
over the 11 years cycle. 
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If we assume a short radiation hurst at time to the dosage J^di of which 
may equal Io4 ("bhe total dosage the meteorite has received after this event), 
we obtain 


( 21 ) 




JVr(A) == Io{ 1 exp[—Aio]} . 


Even for an isotope with 
A = 1/«0 5 which is the optimum 
for the detection of this burst, 
N{X) increases only by 36% 
(Fig. 10). Such an increase 
would not be noticeable in 
Fig. 9. 

Thus meteorites are com¬ 
paratively insensitive detectors 
for bursts. In the earth atmo¬ 
sphere, where spallation pro¬ 
ducts such as ^“Be are con¬ 
tinuously removed from the 
irradiation zone and incorpora¬ 
ted in stratified layers, the situation is much more favorable, as a differential 
time record is preserved. In principle here a burst with [l d^ = Iq • 10^ years 
is detectable even if it occurred a few million years ago. 



Fig. 10. - Influence of cosmic ray hurst (shaded 
area on left) on abundance of radioactive spal¬ 
lation nuclei with decay constant A (shaded 
area on right). 


8. - Comparison of radiation intensities at 1 a.u. and 3 to 4 a.u. . 

Isotopes with half-lives > 10 years are averaging the radiation intensity over 
the 11 years cycle as well as over the period of the meteorite along its path. 
According to Kepler’s second law the meteorites will spend most of their time 
near the aphehon, at solar distances of about 3 to 4 a.u. and thus the average 
along the path will depend primarily on the radiation level at those solar dis¬ 
tances. Contrary to this, short lived isotopes (T^ < 100 days) are integrating 
the radiation only over a relatively short fraction of the meteorite orbit near 
the orbit of the earth. This feature enables us in principle to compare radia¬ 
tion intensity levels at around 1 a.u. with those at around 3 to 4 a.u., which 
will not be possible with artificial space probes for years to come. 

A suitable pair of isotopes for this investigation are ®’A (Tj = 36 days) 
and ®®A (Tj = 325 years), because in iron meteorites their relative production 
rate depend very little on the energy. Thus depth effects do not constitute 
serious problems. 
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Unfortunately iron meteorite falls are Tery infrequent. Therefore, this 
method will have to he applied also to stones, although a quantitative evalua¬ 
tion here is more difficult, because of the complexity of the target material, 
mainly the presence of calcium. 

Stoenner, Schaeffer and Davis [51] have measured in the stone meteo¬ 
rite (chondrite) Hamlet a ratio = 2.0 i 0.3. From experiments with 

3 GeY protons they obtain a production ratio of 1.2 0.2, within the limits 

of error this result is in agreement with a constant irradiation intensity along 
the orbit of this meteorite. Similar experiments of Fireman and DeFeeiob [52] 
on the same stone and on the iron meteorite Aroos indicate somewhat higher 
®’A/®®A ratios than could be expected on the basis of 2 GeV irradiation ex¬ 
periments. 

In discussing these results two facts have to be born in mind. In the first 
place, the ®’A concentrations may be affected strongly by a single solar flare 
or a Forbush event, because of its short half-life. Therefore, the ^’A/'^^’A ratios 
would have to be measured in a considerable number of meteorites, before a 
comparison between the average fluxes in the region of the orbit of the earth 
and in the asteroidal belt becomes possible. Secondly, in stone meteorites, 
the ®’A/3®A ratio depends strongly on the calcium content, as calcium produces 
mainly ^’A (Stoenner, Schaeffer and Davis [51]). From this follows, that 
the ®’A/®®A production ratio in chondrites will depend appreciably on the 
energy, the production from calcium being relatively stronger at lower ener¬ 
gies. Nevertheless, an important information is obtained from these experi¬ 
ments. There does not exist a very striking difference between the fluxes 
around 1 a.u. and around (3-^4) a.u., if these meteorites have had orbits roughly 
similar to the orbit given in Fig. 2. 

In the quiet solar period ahead events like solar flares and Forbush decreases 
will be much more seldom than they are now, and accurate comparative meas¬ 
urements of short- and long-lived isotopes in only a few meteorites should 
yield a reliable average. Combined with direct measurements on the radiation 
intensity in the vicinity of the orbit of the earth a figure for the radiation in¬ 
tensity at 3 to 4 a.u. solar distance will be made available. 

From the tritium concentrations in small stone meteorites Geiss and 
Oesohger [32] have calculated a mean cosmic, ray flux of 0.6 to 0.8 par¬ 
ticles/cm® s sr (with energies < 300 MeV) on the basis of measured tritium pro¬ 
duction cross-sections and estimates of shielding and secondary production 
effects. Goebel and Sohmidlin [53] with a similar method arrived at 0.75 par¬ 
ticles/cm® s sr. These values represent averages over the solar cycle and over 
the period of the meteorite (cf. Section 7). They would indicate a total cosmic 
ray flux at (2-^4) a.u., which is some 2 or 3 times higher than the flux observed 
at 1 a.u. One might look at these results as beeing in disagreement with the 
evidence from the ®’A/®®A ratio, and might tend to disregard them, because 
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they are not based on ratios of spallation product abundances. However, there 
actually does not exist a real disagreement. Both in stone ad in iron meteorites, 
the low energy radiation at aphelion is very little recorded by ■‘“A in me¬ 
teorites. In the Aroos iron the low energy is strongly absorbed and also has 
a low excitation function for »«A. In the small stone Hamlet low-energy 
particles will produce ®’A from calcium, but very little ®®A. So it is quite 
possible that the observed high tritium concentration is indicative of a relatively 
strong low-energy component in the aphelion regions, which is not picked 
up by ®®A. 

From the comparison of ^®Sc with ®®Ne abundances Wanke [48] also 
came to the conclusion,.that the iron meteorites pick up more low-energy par¬ 
ticles than there are in conventionally given spectra (cf. ©q. (26)). 

The difficulties involved in the estimate of total fluxes will be discussed 
in Section 10. The figures derived from both the tritium and the *®Sc con¬ 
centrations rely heavily on cross-section data and on estimates on the se¬ 
condary production. In spite of this, the present evidence on meteorites seems 
to indicate that the flux at lower cosmic-ray energy in the aphelion region of 
meteorites is higher than it is estimated near the orbit of the earth. 

9. - Long-time intensity variation ((10® -4- 10®) years). 

In the discussion of time variations of cosmic ray intensities perhaps of 
the greatest interest is the investigation of changes over times comparable 
to the life-time of individual galactic ray particles or even the age of tlie galaxy 
itself. In fact, the investigation of variations of the intensity over 10® years 
or more goes to the heart of the matter of theories on the origin of cosmic*, 
radiation. 

The only spallation product in meteorites with a half-life sufficiently long 
to show radiation intensity variations beyond about 10'^ years is ^®K. In 
iron meteorites the chemical abundance of potassium is so low that cosmic 
ray-produced and can be detected (Yoshage and Hintenbergbr [54]; 
Honda [55]). 

As the ratio of the production cross-sections for and from iron 
may be expected to depend only very little on the energy, the ratio 
may be used for the detection of intensity variations without too much regard 
to the effects of shielding, e.i. the size of the meteorite etc. 

For constant irradiation between the break-up time and the time of 
fall (recent) an assumption which includes the absence of relevant space 
erosion during this period—the measured concentration ratio will be (Voshage 
and Hintenbergee, [54]): 
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In this case the hreak-np age is equal to the radiation age as defined 
in eq. (2), which, is deduced JErom a pair of a stable and a radioactive 
(Tj< 10'=' years) spallation isotope. In case of long-term variations of the ra¬ 
diation intensity or of appreciable space erosion one would observe a deviation 
from the relation between the ratio *«E:/“K and as given above. 

How sensitive a method do we have here for testing long-term intensity 
variations of irradiation? For a discussion of this question we have chosen 
an exponential time-dependence for the intensity: 

<23) = Jo exp [yt] . 

If t counts backwards, y > 0 is a decrease and y < 0 an increase with (posi¬ 
tive) time of the radiation intensity received at the location of the sample in 
the meteorite. We obtain 

<24) ^ ^ exp [(y —■A)T^]—1 

O'*.icy — X exp [yTjj] — .1 

In this general case the radiation age as obtained from a stable and radio¬ 
active {T< IC' years) isotope is related 
to the break-up time by (cf. eq. (3)): 


<25) T. = i (exp [yT,-\ — 1) . 

In Fig. 11 theoretical .k) 

values are plotted m. radiation age 1\ 
foi* the tliree different radiation histor- 
ms: 1) y —1/700 million years; 2) y = 

— —1/700 million years and 3) constant 
irradiation. It should be noted that 
for changing irradiation intensity, is 
not identical with the break-up time 
It may be seen from Fig. 11 that the 
^“K/^^K method indeed is siifficieiitly 
sensitive to indicate intensity variations of a similar magnitude as those as¬ 
sumed here, if meteorites with radiation ages of 10® years and more can be 
included. A good check of the validity of this method will be to ensure that 
iron meteorites with young radiation ages give ratios which converge 

towards a constant universal value for 

If values below the curve J = Jo == constant are found it will be 

difficult to distinguish between space erosion and a true intensity increase. 



apparent radiation age Tg 

Fig. 11. “ Expected ratios vs. 

radiation age for constant radiation inten¬ 
sity (I — Jo) and for variable intensities. 
1/700 million years. 
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Values above this curve are more unambiguously interpreted as intensity 
decreases, but any discussion of such results will have to consider changes 
which may have resulted from variations of the orbital elements of the me¬ 
teorite, 

Yoshage and Hintbnbergee [64] have been able to measure ratios 

in several iron meteorites, but there is not yet sufficient agreement on the 
radiation ages of these meteorites to allow a discussion of these data in terms 
of intensity variations of cosmic radiation at this moment. 


10. - The spectrum and the absolute intensity of cosmic radiation. 


Observed cosmic ray spectra are usually written in the following form 


(26) 


i(E) dJE? == 


/o 

(1 + E)‘* ’ 


where E is the Mnetic energy in GeV and a is approximately 2.5 (cf. Pe¬ 
ters [56]; Singer [57); MoDonalb and Webber [58]; Arnold, Honda and 
Lal [47]). At low energies (< 1 GeV), however, the spectrum is not well 
known and it is changing with time (Neher [59]; McDonald and Web¬ 
ber [58]). Besides short-time variations, there exists a trend with the solar 
cycle. Low energy particles are more abundant in quiet than they are in the 
active periods. The other eJffect, the direct solar emission has opposite phase, 
and it is not yet really established if this solar output on average is able to 
compensate the other effect to any large extent. Space probe experiments 
have shown that these modulation effects have to be considered as aft'ecting 
the whole inner part of the solar system and are not restricted to the neigh¬ 
bourhood of the earth (Fan, Meyer and Simpson [60]). 

Whatever mechanism is suggested for the modulation of the galactic ra¬ 
diation (Parker [61]; Elliot [62]) the effects are bound to decrease at some 
solar distance. So at 3 to 4 a. u., the aphelion region of meteorites, a radia¬ 
tion intensity may permanently exist which is as high or even higher than the 
intensity received at 1 a.u. during quiet periods. Meteorites, therefore, can be 
expected to monitor an average radiation spectrum which is much closer to 
the galactic spectrum than that received at the neighbourhood of the earth. 

We shall discuss in the following, how different spectra are reflected in 
the spallation product distribution of an infinitely small iron meteorite. As 
before, we shall base this discussion on the tenuous assumption that we deal 
with irradiation by one type of particles, i.e. protons. Actually, the abundance 
of oc-particles is such, that their effect cannot be neglected. However, their 
spectrum seems to be so similar to that of the protons, that the mixture of 
protons and a-particles can be represented by a proton spectrum. 
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For energies larger than about 3 to 5 GeV, there is little question that 
eq. (26) coincides with the cosmic ray spectrum at 1 a u. It is reasonable to 
assume that this is true also at a solar distance of about 4 a,u. The real question 
concerns the fluxes of the true galactic radiation at lower energies, below 
2 GeV. Therefore, in the discussion of spallation products in small meteorites 
we cannot limit ourselves to a spectrum of the form (26), but we have to keep 
considerable flexibility in the low energy range. A spectral form 


(27) 


fiE) dE = /o 


exp 


dJB, 


is very suitable for our purposes 
tive abundance of low energy 
particles can be determined 
through the choice of (Fig. 12). 

If a —2.5 is taken, spectrum 
(27) approaches spectrum (26) 
at high energies. If /? == 1.7 is 
chosen, the two spectra (27) 
and (26) agree within 20 % for 
J?/>300 MeV. Secondly, eq. (6) 
can be integrated directly if 
the energy spectrum is of the 
form (27). The choice of this 
general spectral type practically 
does not constitute any limita¬ 
tion, because with a proper 
choice of observed spectra (cf. 
McDonald and Webber [68]) 
often may be approximated 
even better by (27) than by (26). 

The AA distiibution ob¬ 
tained from irradiation with 
the spectrum (27) is given by 
integrating eq. (5): 


for two]|reasons. In the first place, the rela- 


(28) N{AA) 


Pin) 

~ (Ka + /i/c)" ' 


with (cf. eqs. (10), (11) and (12)) 



Pig. 12. - Possible cosmic ray energy spectra. 
Solid lines give spectra ot the type /(JS) dE — 
==/o exp whith different i5’s 

representing contributions of low energy par¬ 
ticles. Dashed line gives spectrum f{E)dE= 


<29) % = ^(3a —1). 
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These spallation product distributions JV(AA) are plotted in Fig:. 13 for tlie 
different spectra given in Fig. 12. It is seen that the different assumed spectra 
do lead to quite different spallation product distributions. The analysis of 
stable spallation product abundances from ®^Ne to in a very small iron 
meteorite would afford a very sensitive test on the average radiation spectrum 

received by the meteorite during 
its life-time in space. If radio¬ 
active spallation products can be 
measured with sufficient accuracy, 
the spectrum would be tested for 
shorter periods. If we consider 
only 6<-d<36, the spectrum is 
tested effectively only down to- 
about 150 MeY. 

In the iron meteorites Grant 
and Aroos with post-atmospheric 
sizes of 480 and 180 kg respectively 
we have determined the irradiation 
spectrum 

(16) f(B) dB = dB . 

This spectrum is effectively de¬ 
termined by the spallation pro¬ 
ducts only in a limited energy 
range, which may he given rouglily 
as 200 MeV<J57<10 GeY. 

In meteorites of this size the 
radiation spectrum is affected by 
ionization and nuclear interactions. Primary particles below about 500 MeY are 
absorbed by ionization. Thus the information on the low energy part of the 
primary radiation is lost. Even for high energies it is very difficult to work back 
from the effective spectrum to the primary spectrum, because not only the 
above mentioned effects have to be taken into account quantitatively but also 
pre-atmospheric size and shape have to be adopted. 

Actually, spectrum (16) is not so different from the generally adopted 
primary energy spectrum (26). Between 800 MeV and 16 GeY the two spectra 
agree within about 20 percent. 

From the A A distribution, a radiation age can be derived corre¬ 
sponding to the age defined in eq. (2) which is based on the weighted 
average concentrations of all the stable and all the radioactive spallation 



Pig. 13. - A A-distribution obtained from dif¬ 
ferent spectra given in Pig. 12. The distribution 
observed in the Grant meteorite is included. 
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products. If 

(30) 

and 

(31) 




«s 




ai 

(All)” 


are the measured distributions of the stable and the radioactive spallation 
products respectively, the radiation age is given by 


If is measured in 10~® cm®/g and in dpm/kg 

T == 510 -- vlO" y . 

is obtained. 

In principle, from the concentrations of radioactive spallation products the 
absolute intensity of cosmic radiation (the time average along the orbit of the 
meteorite) can be deduced. Contrary to all applications discussed so far, direct 
calculations of intensity figures cannot be based on ratios of spallation pro¬ 
ducts, and effects of shielding or secondary production cannot be canceled out. 
These effects together with the cross-section data adopted enter directly into 
the calculated absolute intensity, so that relevant data can be obtained only 
from relatively small meteorites. 

If the intensity of cosinic radiation in tlic region of the asteroidal belt is 
different from the intensity we have at one au., this most probably will bo 
mainly due to a difference at lower energies. Therefore, in determining tlie 
total flux, one has to simultaneously determine the energy spectrum. 

Because of the lack of figures from relatively small iron meteorites, we 
shall calculate here only the actual irradiation intensity at the site of tlics 
Aroos sample investigated by HoNn.4 and Arnold [50 |. 

Brom the irradiation spectrum f{E) d.E = /„ A/"' HE the integral spectrum 

oo 

( 33 ) F{E)=^\f{E)dE^f,^ . 

j ^ ^ 


is obtained. can be expressed in terms of using the equations 

(li 


( 34 ) 
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Figure 8 yields aj = 2.39-10^ dpm/kg for the Aroos meteorite sample, giving 
Jo = 1.05 {B in GeY), and 

(35) F(^) = 1.13^-°-83 (JB in GeV) 

as proton equivalent irradiation flux at the site of the sample. Equation (35) 
can be used only for 200 MeY < E ^ 6 GeY, because at lower energies the 
spectrum is not really determined by the spallation product distribution which 
is used. The uncertainty at high energies in the differential spectrum can be 
disregarded in the integration. The irradiation fiux above 1 GeY at the site 
of the Aroos sample is F(1 GeY)= 0.09 protons (equival.)/om® s sr. 


Table I. — OJiaracteristic energies {in GeY) for the production of an isobar Ad. from irradi¬ 
ation spectrum f{E)dE= dJE. E^= energy of maximum production, median 

energy. 60 percent of the isobar is produced between and 2B^. 


Ad 



2Fp 

10 

0.17 

0.51 

1.02 

20 

0.52 

1.53 

3.06 

30 

0.95 

2.75 

5.50 
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Some Recent Investigations on Primordial Rare Gases 

and in Meteorites. 

J. ZlHRINGER 

Max-Planclc-Institut fur KernphysiJc - Heidelberg 


Introduction. 

Meteorites Lave a different history from, that of terrestrial matter. During- 
their flight in space they are exposed to cosmic rays, solar particles and cosmic 
dust, and are continuously influenced hy processes which cannot affect ter¬ 
restrial material through its shielding atmosphere. 

Cosmic rays produce spallation products in meteorites. This process is 
integrated over a long period of time, and from the isotopic variations one can 
deduce the history of cosmic rays. Also the duration of the exposure to cosmic 
rays or changes of the size of the meteoritic body itself by breaking up, or by 
space erosion, can be determined. 

Meteorites differ also in another aspect from terrestrial matter. As seen 
from the isotopic variations of some decay products of natural radioactivities, 
meteorites represent the oldest material so far analysed. One can expect that 
also some traces of events in the early history of our planetary system are left. 
In fact during the last few years a number of isotopic variations have been 
found, which may reveal some information on the « prehistory » of meteorites 
and perhaps of our solar system. 

It is the purpose of this article to treat these « prehistoric » isotopic varia¬ 
tions and to present the current explanations and conclusions of this new field 
in meteorite research. 


1. - Isotopic variations in meteorites. 

Since Prof. Geiss reports mainly on cosmic ray effects during the last 
10® years, this subject will not be discussed hero in detail and no references -will 
be given. Only a short introductory survey is given of all isotopic variations 
which cannot be understood by chemical fractionation processes. 



276 


J. ZAHRINGER 


Generally the isotopic composition of the elements in meteorites, as ana¬ 
lyzed so far, is the same as in terrestrial elements. One finds large variations, 
however, in those elements, which are only present in traces below concen¬ 
trations of about 10“® gig. These changes are due to processes which add iso¬ 
topes in different composition and can therefore affect isotopic ratios consi¬ 
derably. 

Several elements with such isotopic enrichment have been found in meteo¬ 
rites during the last 10 years. The processes responsible for these changes are 
summarized, together with the main results, as follows: 

I'l. Natural radioactivity. - Natural radioactive elements such as “K, ®^Bb, 
2*6XJ, ^®’Ee have a half-life of the order of 10® to 10^“ years 

and the daughter products cause large enrichments in the corresponding iso¬ 
topes ^“A, ®^Sr, ®®’Pb, ®o®Pb, ®®*Pb, ^He and ’^®’Os. The isotopic variations 
are mostly higher than in terrestrial material, due to the greater age of meteo¬ 
rites. From these isotopic changes an age of 4.5-10® years has been derived for 
meteorites as well as for the age of our solar system. TJnfortunately all methods 
imply assumptions, which are based on a simple origin of all meteorites. There¬ 
fore these assumptions as well as the experimental results need further inves¬ 
tigation before a final time scale for meteor forming processes can be given. 
There is good experimental evidence that the age of 4.5-10® years is too low. 

1’2. Spallation products. - Out in space, meteorites are exposed to the 
primary cosmic radiation and to solar particles. The high-energy particles 
produce reaction products in the meteorites, such as evaporation particles, 
spallation, fragmentation and fission products. For a given target nucleus 


Table I. - Spallation-produced rare gas isotopes in iron 



*He-10"® oni®/g 

®H6-10“® cm®/g 

®He/*H6 

®^Ne-10~® cm®/g 

Williamstown 

1920 

480 

0.25 

6.0 

Arispe 

930 

270 

0.29 

2.3 

Odessa 

710 

220 

0.31 

2.3 

Sikhote-Alin 

481 

130 ■ 

0.27 

1-6 

Toluca 

296 

100 

0.34 

0.8 

Canon Diablo 

42 

4.2 


0.11? 
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all elements with lower atomic weight are formed. The yield curve depends 
on the chemical composition, on the energy of the incident particle and on the 
depth of the sample within the meteoritic (pre-atmospheric) body. The pro¬ 
duction of evaporated particles with -4 < 5 is not very different for iron and 
stone meteorites. The distribution of residual nuclei, however, is dependent 
mainly on the ratio of iron to silicate phase. The isotopic abundances of spal¬ 
lation-produced elements is roughly given by the stability of isotopes and can 
be estimated from the parabolic energy valley. Thus spallation-produced iso¬ 
topes do not have very large differences in abundance and can generally be 
distinguished from the natural isotopic composition. Table I shows the spal¬ 
lation-produced rare gas isotopes, measured in some iron meteorites [1]. 

The total amount of spallation products as found in meteorites is small, 
of the order of {lO^o—lO^) atoms per g. Therefore only elements of very 
small concentration such as the rare gases. Sc and K in iron meteorites, and 
radioactive products have been detected. A list of all these isotopes is given 
in Table II. 

From the amount of a radioactive isotope one can get some information 
on the cosmic ray intensity, since in the radiation equilibrium the production 
rate A is given by 


A ~ N’^'0, 

{A decays/s, N = number of target atoms, JF=fiux of particles/s cm®, 0 = pro¬ 
duction cross-section in cm®). If a is known, A is a measure of the flux about 
3 half-lives ago, and with a suitable set of radio-nuclides as ®®Na, T, *®C1 and 
the mean intensity change during the past can be detected. For this no 


meteorites (eor — corrected for atmospheric contamination). 



38A-10-® 

38A-10-8 

‘“A* 10“8 cm® 

8«A cor 

88Acor:®®Aoor 

1 : 0 . 8 :0.9 

17.6 

26.4 

73.6 

17.4 

1.6 

1:1 :1 

5.5 

8.9 

13.7 

6.6 

1.6 

i:o.9:i . 

7.0 

12.0 

10.1 

6.7 

1.6 

— 

2.8 

4.1 

? 

2.8 

1.5 

— 

1.7 

2.4 

15 

1.7 

1.5 

— 

0.27 

0.44 

16.7 

0.27 

1.7 
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Table II. — Stable and radioactive spallation-prodviced isotopes, which, are so jar dstected 

in meteorites. 



®H -> 

®He 

^He 

“Be 

2»Ne 

®iNe 

22^6 


®6A1 

3®Si 

36C1-^ 

seA 

37A 

®8A 

3®A 

T 

12 y 

— 

— 

2.5-10® y 

— 

— 

— 

2.58 y 

7.4-10® y 

700 y 

3.1-10®,V 

— 

35 d 

— 

325 y 


40K 

41K 


«Ca 

«Sc 

“Sc 

48 y 

49y 

5iCr 

®®Mn 

54Mn 

®eCo 

®’Co 

eoCo 

s»Ni 

T 

1.3-10»y 

— 

200 y 

164 d 

— 

84 d 

16 d 

330 d 

28 d 

2-10«y 

291 d 

77 d 

270 d 

5.2 y 

8-10* y 


absolute numbers would be needed since tbe yield curve in dependence of the 
atomic weight could be measured with the stable spallation products. If, 
however, the depth of the sample, and therefore the energy and number of 
secondaries of the particles change during time, the evaluation of these meas¬ 
urements becomes very difficult. The experimental results up to now indicate 
that the cosmic ray intensity has not changed more than a factor of two during 
the last 10® years. From the T-activity one gets a cosmic ray flux of about 
0.6 particles/cm® s sr. 

Of special interest are pairs of a radioactive and a stable daughter product 
of the rare gases, such as T-®He, ®®3!Ia-®®E'e, ®®C1-®®A and From the 

ratios ®He/T etc., one can derive the time of exposure to cosmic rays. This 
age represents the true duration of irradiation, iE again the depth of the con¬ 
sidered sample has remained constant. If there is continuous breaking up or 
space erosion, these radiation ages represent nothing but a certain mechanical 
stability. In fact, the radiation ages of stony meteorites do vary within at 
least a factor of ten and are about 10^ years whereas the radiation age of 
iron meteorites always lies around some 10® years. This indicates a systematic 
difference between these two kinds of meteorites. Besides the difficulties in ex¬ 
plaining the present results, one experimental difficulty also has to be men¬ 
tioned. Two iron meteorites of recent falls have been investigated by several 
authors for T and other spallation products. Formal yields have been found 
for all isotopes except for T, which could not even be detected. This difficulty 
also remains to be explained. 

1’3. Primordial rare gases. - In 1956 Gerling and Lbvskii [2] detected 
in the stony meteorite Staroe Pesjanoe a very large amount of He, Ne and A, 
which they could not explain in any other way than by assuming that these 
gases had been trapped from a primordial source, while the meteorite was 
formed. This observation has been considered as somewhat exceptional. In 
1960 Zahringee, had Gentnbr [3] found a very similar result in the achon- 
drite Kapoeta. The ^He content of both achondrites is higher by a factor 
of 1000. The isotopic composition of the neon and argon is similar to the 
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atmospheric neon and argon, however different enough to denote a different 
origin. In addition their abundance (number of atoms/number of silicon atoms) 
conies closer to what is called cosmic abundance, which is derived from star 
analysis or nuclear systematics. 

Another distinct group of stony meteorites, having excess of rare gases not 
explainable by the spallation process or natural radioactivity are the carbon¬ 
aceous chondrites, the enstatite chondrites and several ordinary chondrites. 
These meteorites contain mainly the heavier rare gases A, Kr and Xe and 
have in contrast to the two achondrites no He and Xe excess. 

One is tempted to call these gases primordial, in order to indicate that 
these meteorites might be samples of planetary matter from which the solar 
system originally was formed. 

1*4. Extinct radioactivity. - Another important isotopic variation has been 
detected by Reynolds [4] in the Richardton chondrite. He found an appre¬ 
ciable ^^‘'Xe excess of about 50% and the most likely source of ^®®Xe is 
which decays with 17-lO® years in Here we have the decay 

product of a very short-lived radioactive isotope, which is extinct, or not de¬ 
tected so far and this ^^®Xe excess has to be considered as a very important 
key to the early history of our solar matter. 

If the ^®®I decayed in the present meteorite sample, one can calculate, from 
the i2®Xe/^'‘”I ratio, the time elapsed since the end of nucleosynthesis and the 
formation of the meteorite. Reynolds thus found for this time interval about 
100 •10'* years. 

If the ^****1 has decayed elsewhere this isotopic effect indicates that con¬ 
densation of matter occured before a complete mixing of all elements. In both 
cases the i‘‘*®Xe excess is a fascinating discovery and has therefore attracted 
wide scientific interest. 

The st^arch for products of other extinct radionuclides is under fast progress. 
The “““Tl is the decay product of with the half-life of 35 • 10® years. 

Meteoritic T1 however was not found to be anomalous [5], ^“’Ag is a daughter 
product of ^"’Pd, which decays with a half-life of 4.6-10** years. Here Mub- 
THY [6] has found in Ag extracted from iron meteorites an excess of about 
(2 -t- 3) % in the ^'*’Ag/^®'’Ag ratio. 

These decay products of solid elements are also of great importance, since 
they are not so sensitive to heating losses as gases. 

The decay products of extinct radioactivities can be considered as a sensi¬ 
tive clock of the very early events of the meteorite forming processes. It reads 
millions of years at the end of a timescale of several 10® years and may date 
the prehistory of meteorites or perhaps also of planetary matter. 

The decay of extinct radionuclides furnishes also a potential heat source, 
which may have been an importance factor in the evolution of meteorites and 
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planetary matter [7, 8]. A new hypothesis for the creation of meteorites in 
small asteroidal bodies with extinct radioactive heating has been presented by 
riSH, Goles and Anders [9]. 

In this article the present situation about primordial gases and extinct 
radioactivity is described. In addition results of some of the Author’s exper¬ 
iments on this subject are mcluded. The combination of these two kinds of 
isotope effects has been chosen since there seems to be a relation between 
i®®Xe excess and primordial gases, has so far always been observed in 

company with other Xe isotopes. 


2. - Experimental results of primordial gases. 

2‘1. Achondrites. - In the previous chapter the rare gas isotopes of typical 
spallation products in iron meteorites have been shown, where a contribution 
of the processes 3) and 4) cannot be observed. 

In Table III the rare gas content of a typical stony meteorite Korton County 
is presented. It contains a very high amount of spallation products but also 
some ^He and “A from the U, Th and decay. 


Table III. — The primordial rare gas content and the ^-A-ages of Staroe JPesjanoe and 
Kapoeta and for comparison the ordinary rare gas content of Norton County {in 10“® cm*/g)- 


Meteorite 

®He 

^He 


®iNe 


36A 

. 

38A 

40^ 

K in 
ppm 

K-A-ages 
in 10» y 

fforton County 
(Howardite) 

215 

1560 

54 

58.2 

63.3 

1.63 

‘2.28 

690 ±50 

65±5 

5.1 ±0.25 

Staroe Pesjanoe 
(Howardite) 

252 

(70) 

705000 

2180 

(23) 

30.5 

(25) 

206 

(27) 

112 

(~1) 

21.3 

(1.5) 

2 700±100 

363 ±20 

4.5±0.2 

Kapoeta 

57,5 

(7) 

223000 

2340 
(1.4) i 

7.8 

(1.5) 

180 

(1.6) 

88 

17.2 

1140 ±50 

165±10 

4.4 ±0.15 

Cosmic abundance 
Si= 10® 

? 

3000000 

7740 

26 

836 

126 

24 


1 

— 


In the same table the rare gas content of the achondrites Staroe Pesjanoe 
and Kapoeta are listed and the difference in the *He and ®®Xe content is quite 
striking. From the low ^^Xe content in Kapoeta one can also see that the con¬ 
tribution of spallation must be small. Kapoeta thus represents a stony meteo¬ 
rite with nearly pure primordial rare gas content with the exception of some 
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radiogenic *oA, Assuming a similar ratio, = 34 in primordial and 

atmospheric neon only 1.5*10“® cm®/g is left for spallation and this also 
means that 90% of the ®He content in Kapoeta is primordial. A similar 
splitting can he applied on Staroe Pesjanoe and the estimated spallation con¬ 
tribution is shoTTii in brakets. 

Under these conditions the ^He/®He ratio of primordial hehum is in both 
meteorites about 4 000. This is the first direct measurement of ®He of a prime¬ 
val source. 

In both samples, after the spallation correction the ‘^®]Sre/®®ITe ratio is about 
13.5 and 35% higher than in the atmospheric neon. However no large dif¬ 
ference esists in the ®®A/®*A ratio for both meteorites compared to 5.35 in the 
atmosphere [13, 3]. 

The presence of ®He in primordial gases is expected and can be understood 
by nuclear reactions. In the d-burning processes the reactions d(p, Y)®He, 
d(d, n)®He or d(d, p)T -> “He may produce “He. In the presence of high-energy 
protons (> 20 MeV) ^He(p, 2p)T->®He or '*He(p, pn)“He reactions give “He. 
Prom star observations only upper limits for the HTe/“He ratio are known. 

Greenstein [10] found or the sun >50 and Wilson [11] >10 for M 
stars. The ^He/“He ratio in cosmic rays is about 2 and seems to be very low 
in this comparison. 

The higher ““Ife/^^Ne ratio could be understood if the earth has lost an 
appreciable amount of its earlier neon content by diffusion processes [12]. 


Table IV. — Bare gas content of separated, minerals from Kapoeta in comparison to 

pnlverized average samples in 10~® cm“/g. 



No. 

Minerals 

Weight 

mg 

“He 


“«Ne 

2 iNe 

““Ne 

“«A 

3«A 


K in 
ppm 

K-A-age 
in 10® y 

27 

28 

Average samples 

105.8 

133.8 

67.2 

55.2 

223000 

205000 

2340 

2280 

7.8 

7.5 

180 

159 

88 

87 

1140 

1070 

165il0 

157±10 

4.4d:0.15 

4.4i;0.16: 

131a 

126 

Olivine 

Olivine 

116 

93.6 

< 9 
<13 

3160 

1740 

<26 

<24 

1.7 
, 2t4 

-- 

<0.3 

<1.0 

0.1 

0.2 

71 

146 

■- 

— 

131& 

Pyroxene 

14.9 

7- 

1650 

<20 

1.3 

_ 

<1.4 

0.6 

360 


— 

178 

168a 

Plagioclase 

Plagioclase 

27.1 

12.6 

< 5 
<12 

1000 

2150 

<30 

20 

1 

~2.6 

— 

~2 

<2.1 

~1 

2400 

3300 

266±10 

4,9^0.2 

178 

1686 

GiassP'’®”^ 80 gm 

V/TXcXiKSo in 1 • 

[fraction 

9.7 

16.4 

73 

257000 

232000 

2630 

2060 

9.7 

7.1 

196 

160 

117 

23 

1800 

320 40 

4.0±;0.4 

166 

80 (Jim fraction 

20.1 

59 

188000 

1860 

6.6 

140 

76 

14.9 

1010 

— 

— 


I 
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would diffuse more easily thau The same effect should also he 

observed on argon. It seems very likely, that the heavier rare gases are not 
subjected to such a diffusion mechanism, because they may have been 
trapped at low temperature during the separation of the volatile elements. 

In order to understand how these gases have been trapped within the me¬ 
teorite, a mineral separation has been tried, and with a Kapoeta sample four 
■components analysed. Table IV shows the results. The minerals olivin, pyro- 

xen and plagioklas do not 



contain primordial gases, 
while the glass has an 
enriched concentration re¬ 
lative to the sample with 
80 p,m grain size, from 
which the glass was se¬ 
parated. 

In addition a degas¬ 
sing experiment has been 
performed with a pow¬ 
dered sample (< 60 (jim) 
of Kapoeta. The sample 
was heated at different 
temperatures for a con¬ 
venient time and tlie 
extracted gas analysed. 
Figure 1 gives the results 
in 10“® cm®/g per hour in 


Fig. 1. — Rare gas release at different temperatures in dependance of 1/T. This 
10~® otn®/g h horn the Kapoeta meteorite. picture shows, that for 


all isotopes the primor¬ 
dial component diffuses out at relative low temperature and that the spallation 
products are released at higher temperatures. This can be seen from the 


decreasing *He/®He and ®°Ke/^^lIe ratios. 

From this degassing experiment we also learned, that the temperature 
always must have been lower than 400 °C, since it would be degassed in one 
hour at this temperature. Considering the age of 4.4-10® years the mean 
temperature has to be assumed to be below 0 ®0. 


The degassing experiment of the Staroe Pesjanoe meteorite gave a similar 
result. The primordial gases were also released at lower temperatures and 
indicate a different trapping mechanism from that for spallation products. 

The question of how these gases happened to come into this meteorite 
sample is not easy to answer. Gbiiling and Levskh [2 ] assumed that a high 
partial pressure of f.i. 2 200 mm Hg of *He had been present when the me- 
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teorite solidificated. In the case of Kapoeta, the glassy particles have only 
trapped the rare gases and were probably later on baked together with the 
above mentioned minerals. 

These glass particles could also have trapped the gas in a rare gas atmos¬ 
phere as droplets, if they cooled very quickly. Since the size of the particles 
is very small (< 100 (xm) this does not seem to be impossible. It is, however, 
difficult to imagine such a large mass to hold this atmosphere. Therefore one 
rather prefers that the meteoritic « parent bodies » incorporated these amounts 
of primordial gases and could not be degassed so completely during the melting 
and cooling of these bodies. Since the surface has been at low temperature, 
a tight silicate layer or an icy permafrost layer, as suggested by Anders, 
may have prevented the gases from escape. In the case of Kapoeta a vul¬ 
canic origin seems very likely, where ejected glass solidified at the surface 
and was mixed with the crystalline components. 

In this chapter the primordial rare gases of two achondrites have been 
discussed, whose amount as well as the isotopic composition is different from 
the terrestrial rare gases. There exists another group of meteorites, which also 
contain primordial rare gases, however, of a different composition. These 
meteorites are all chondrites and they will be treated in the following. 


2'2. Chondritea. — Conclusive evidence that also chondrites may con¬ 


tain primordial gases has 
been given quite recen¬ 
tly [3, 4, 13]. They have 
been found in the car¬ 
bonaceous and enstatite 
(diondrites in large con¬ 
centration and to a smal¬ 
ler extent also in a series 
of ordinary chondrites. Al¬ 
ready Geiss and Hess [14] 
noticed a somewhat high¬ 
er content in two 

chondrites and supposed 
an additional unknown 
source. 

In Table V the rare 
gas content of carbona¬ 
ceous, enstatite and ordi¬ 
nary chondrites is listed. 
There seems to he a, small 
amount of primordial He 



124 126 128 130 132 134 136 Xe 

78 80 82 84 86 Kr 


M 

Pig. 2. - Krypton (5-values for carbonaoeotis chondrites 
displayed on the same plot with average xenon <5-values 
for carbonaceous chondrites [15]: o Murray krypton; 

• Orgueil krypton. 
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Table V. — Bare gas content of some carbonaceous, 


Meteorite 

®He 

4He 

. 

aoNe 



seA 

3«A 


Mighei Carb. Ch. 

2.3 

3 960 

14.1 

0.7 

2.2 

65.4 

12.2 

760 

Bokkeveld Carb. Ch. 

0.5 

2 450 

10.7 

0.09 

1.5 

46 

9 

(300) 

Murray Carb. Ch. 

6.8 

14 200 

65.2 

2.2 

9.1 

76.5 

14.2 

<653 

Abee Enst. Ch. 

12 

1320 

10 

2.46 

3.3 

37.2 

6.9 

6900 

St. Marks Enst. Ch. 

1.0 

685 

1.1 

0.3 

0.36 

34.6 

6.30 

3660 

Indaroh Enst. Ch. 

12.5 

1310 

8.8 

3.7 

4.4 

6.6 

1.6 

5625 

Eorest Vale Ch. 

110 

— 

2370 

24 

27.4 

29.1 

7.7 

4.4 

6450 

Bjurbole Hyp. Ch. 

19 

1550 

4.75 

4.85 

5.15 

3.9 

1.2 

6 010 

Eiohardton Br. Ch. 

31.7 

1750 

9.3 

9.5 

10.0 

2.5 

‘ 1.32 

5 650 

Hadiahondi 

105 

2 200 

20 

21 

23 

3.5 

. 

3.0 

6076 

Miller Br. 0. Ch. 

5.8 

1645 

1.6 

1.1 

1.28 

1.53 

0.46 

6 400 

Forksville Hyp. Ch. 

48 

1300 

9.2 

9.65 

10.3 j 

1.75 

1.21 

5700 

Bruderheim Br. 0. Ch. 

47 

490 

9.1 

10.1 

11.2 

1.78 

1.38 

1 no 

St. Isabel Hyp. Ch. 

64 

1790 

11.9 

11.9 

12.8 

1.84 

1.75 

6000 






• 



iind Ne only in some carljonaceons sind enstatite cliondrites. In general, 
however, only A and relatively high Kr and Xe values have been found in 
chondrites. The «8A/38A-ratio of carbonaceous chondrites and for enstatite 
chondrites this ratio is around 6.3 and not significantly different from 
atmospheric argon. 

Also the krypton from the chondrites analysed does not show measurable 
deviation from terrestrial krypton (see Pig. 2). Here more measurements need 
to be made. Also the achondritic Kr and Xe has to be analysed in order to 
compare these two kinds of primordial gases. 

An appreciable isotopic anomaly, however, has been found for xenon in 
these chondrites. All xenon isotopes from i®®Xe to ^^axe are higher in the 
chondrites up to 40,% and this is called the general anomaly [4]. 
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•tatite and ordinary chondrites in 10~® cm^/g. 




i®»Xe 

i29Xe/i®2Xe 

K ppm 

K-A-age 
10 ® y 

^He-age 
10 ® y 

— 

— 

— 

— 

450 

<2.2 

— 

„ 

— 

— 

— 

445 

<1.2 

— 

0.7 

1.1 

1.15 

1.06 

380 

<2.8 

■ - 

0.15 

0.094 

0.60 

6.4 (5.3) 

822 

4.7 

3.7 

0.14: 

0.048 

0.240 

4.4 (3.3) 

1275 

2.97 

2.1 

0.036 

0.064 

0.25 

4.0 (3.6) 

910 

4.2 

2.9 

0.06 

0.072 

0.11 

1.48 

810 

4.62 

4.5 

0.016 


0.84 

1.82 

840 

4.43 

3.8 

0.021 

0.024 

0.041 

1.70 (.1.6) 

812 

4.36 

4.0 

0.02 

0.020 

0.029 

1.44 

790 

4.56 

4.2 

0.013 

0.014 

0.021 

1.5 

720 

4.8 

4.1 

— 

0.009 

0.016 

1.85 

765 

4.50 

3.4 

<0.013 

0.013 

0.017 

1.30 (1.17) 

890 

1.86 

— 

<0.02 

0.008 

0.016 

2.0 

817 

4.48 

3.8 


In Fig. 2 the 5-values for Kr and Xe are plotted, where 


5 == 1000 


Xe’^X //Xe”*\ 


is the deviation in %<, of meteoritic from terrestrial xenon normalized at mass 1.32. 
The 5’s of ^®^Xe and ^®®Xe have somewhat negative values. In principle the 
Xe of all chondrites has this general anomaly and deviations can he explained 
by atmospheric contamination. This general anomaly does not inhibit the 
i®®Xe excess which is much larger. This is called the special anomaly and 
will be discussed below. 

In the following the present explanations for the general Xe-anomaly are 
reviewed: 
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а) Kuroda [16] suggested first tliat this anomaly is due to a change 

of terrestrial xenon abundance and that the meteoritic xenon is normal. He 
normalized at mass 128 and the heavier terrestrial xenon isotope may have 
been increased by products from spontaneous fission of This effect 

leads to a terrestrial excess of the isotopes from ^^axe to i®»Xe. The anomaly 
of the lighter Xe-isotopes was later explained by Cameron [17] by adding 
solar xenon to the earth atmosphere. The solar xenon has been exposed to 
a neutron irradiation during the condensing sun and might account for these 
anomalies. This possibility has been reinvestigated by Krummbnacher et al. [18] 
who found that unreasonably high yields for spontaneous ^^‘Pu fission would 
be needed for mass 131 and 132. 

б) Krxjmmenacher et al. [18] rather believe that the general anomaly 
is due to a fractionation effect as discussed for neon and that the heavier 

isotopes ^®iXe to ^®«Xe 
have been enriched in 
the meteorites by spon¬ 
taneous fission. In this 
explanation both meteo¬ 
ritic and terrestrial xenon 
would be anomalous. Fi¬ 
gure 3 shows a loga¬ 
rithmic plot of the ratio 
of terrestrial to meteoritic 
xenon vs, mass. The lo¬ 
garithmic scale describes 
the dependence of the 
mass in diffusion proces¬ 
ses. If only fractionation 
took place all the points 
should lie on the straight 
line. Thus the heavier 
isotopes must be enriched 
in the meteoritic xenon. 

c) A further treat¬ 
ment of this problem has 
been published by Fowler, G-rbenstein and Hovle [19]. These authors have 
been led to their hypothesis by the work of Bonsack and Greenstein [20] 
who observed that the magnetic activity varies from star to star and that the 
amount of Li, Be, B produced varies similarly. They came to the conclusion 
that the D, Li, Be and B synthesis almost certainly occurred through spal¬ 
lation by high energy particles. The acceleration took place at the surface of 



Fig. 3. — Logarithmic plot of terrestial/meteoritic xenon 

V8. mass [15]. 
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the condensing snn. The abundance of these elements indicates that the syn¬ 
thesis occurred during an intermediate stage of the solar system, when the 
planetary material was largely separated from hydrogen. The irradiation took 
place in planitesimals of the dimensions (l-^-50) m, consisting of meteoritic ma¬ 
terial embedded in an icy matrix. The surface layer of about 40 cm only has 
been irradiated. Secondary neutrons are thermalized in the icy matrix, and 
®Li and are depleted by (n, a) reactions. 

In these processes also ia4Xe, i^cxe, i^sxe and ^^"Xe should be produced 
by spallation, i^^Xe and ^^^Xe enlarged by n-induced fission and ^^oxe and 
^“^Xe depleted by n-capture. In a detailed calculation these authors can ex¬ 
plain the general anomaly of the Xe isotopes in meteorites. 

At the moment it cannot be decided which model comes closest to the 
truth. The fact that krypton is of normal composition, is a diificulty in all 
these explanations. 

2*3. ^®®Xe excess or special anomaly. — The largest isotope variation in the 
chondritic xenon is caused by the ^=*»Xe excess, the so-called special anomaly. 
The ^^*Xe/^^^Xe ratio is 0.98 in atmospheric xenon. In the enstatite chon¬ 
drites it is up to 6.5 and in ordinary chondrites between 1.2 and 2. In car¬ 
bonaceous chondrites, where the primordial Xe content is the highest, the 
i2®Xe/i»2Xe ratio is only slightly different from 1. 

As for the source of this ^®®Xe excess everyone is convinced that it is the 
decay product of ^^®I. ^^*1 decays, however, within 17-10® years and the 
question arises: where was the produced f 

Three possibilities have been discussesd so far: 

1) Sudden nucleosynthesis. 

2) Continuous nucleosynthesis. 

3) High energy particle irradiation during an intermediate stage of the 
sun as described by Fowler, Greensteix and Hoyle [19] where i®®Xe 
is produced by spallation and by n-capture in *‘^»Te. 

The first possibility seems to be quite unreasonable under the aspects of 
modern nuclear synthesis. For the production in a continuous model the decay 
time seems to be unreasonably short for mixing the elements in the galaxies, 
transporting them to the solar system, forming the planetary disk and the 
meteorites. These difficulties would be avoided in the third model, where the 
production takes place after the material has been brought in our solar system. 

Before applying the ^®'®Xe excess for any age determination model, a further 
crucial question has to be answered: where did ^“®I decayf 

Two of several possibilities may be mentioned: 
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a) decayed in the present meteorite sample and all excessive ^®®Xg 
is due to In this case the ^®®Xe content should be proportional to the 
I content in minerals of differing I concentration. 

b) ^®®I decayed elsewhere in the so called protoplanetary cloud or in 
planitesimals as described above and the decay product ^2®Xe was separated 
from iodine during chemical differentiation. Since different i®®Xe/i®®Xe ratios 
are observed, the radiogenic ^®®Xe could not have been completely mixed with 
primordial xenon because condensation might already have been in progress. 

Any combination of these two alternative hypotheses may also be valid 
■and cannot be excluded in the present state of knowledge. 

Beynolds [4] assumes that the decayed in the present meteorite sample 
and the i®®Xe is considered as its decay product. The storage of the ^29Xe 
started when the meteorite was formed. With some assumptions about the 
129I/127J xatio at the end of the iodine forming processes, one is able to deduce 
the time interval between the end of synthesis and the formation of the me- 


127j 


129j 

' 

^ as )|:e in the meteorite 

duration of nucleosynthesis ~2-lo’°y 


beginning ot storage in the 

meteorite about 5 • 10® y ago 


129 

I production 


IPig. 4. - 1291.139X6 content in dependence of time in the continuous synthesis model. 


teorite. In a sudden synthesis model the i”I was about equal to i^®!. In a 
continuous synthesis model lasting about 2 • 10“ years ^®®I was at the end only 
1 %o of the present i®’’! content. Together with analysis of some chon¬ 
drites [4, 5] Beynolds calculates for this time interval in the continuous 
synthesis model about 100*10® years. Figure 4 shows this I-Xe age in the 
meteoritic time scale. 

The formula from which this time interval can be derived is 
17 2 

= -^[In In (^®®I/^®’I)o] in 10® years 

where (^®®I/^2’I)o is the ratio at the end of the nucleosynthesis. 

As mentioned above, Fowler et al. [19] consider this time interval too 
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short and rather prefer the ^***1 production in an intermediate stage of the 
solar system itself. In their model the planitesimals ■were destroyed before 
competely decayed and were then accumulated into larger bodies. The 
time needed for these parent bodies to condense from irradiated planitesimals 
lies between 10® and 10'=’ years. These parents bodies (or body) were plane¬ 
toids of considerable size, in which a core and a mantle were differentiated. 
The differentiation and loss of the noble gas had to end in less than 10® years. 
The as derived above, is in this model the time interval between the end 
of the irradiation and solidification of the meteorites. The ratio de¬ 

pends on the number of high-energy particles and on the amount of irradiated 
material. Again the short time scale is a problem in the formation of solid 
planets and their chemical differentiation. 

The author has been tempted through experimental observation in studying 
the rare gas content of a large number of meteorites to favor the explanation 
that also has been largely trapped together with primordial Xe. In this 

model the following difficulties could be avoided: 

1) ^®®Xe has been so far always observed in company with primordial 
Xe, Kr and A. 

2) The variations in the ^®®Xe content are not so large as one would 
expect from the spread of ages in the formation of meteorites. If a spread 
of at least 200-10® years is assumed, as seems to be reasonable for larger 
bodies, the i®®Xe content should vary by a factor of 1000 and this has not 
been detected. 

3) The time interval of about 100-10® years for the formation of the pre¬ 
sent meeorites out of protoplanetary material or of planitesimals is very short. 
The polimict structure indicates a complex history of meteoritic material. 

To strengthen tliis hypothesis, a number of experiments has been performed 
which are described in the following. 

Seven samples have been selected out of 40 chondrites, which have a high 
®®A/®®A ratio and indicate to contain some primordial argon. From spallation 
this ratio is expected to be about 0.6 and many chondrites have values as 
high as 5. The high ®®A content could also be explained by n-capture in »®C1 
as mentioned by Geiss and Hess [14]. From our experiments however, 
one has to conclude that the ®®A excess is of primordial origin, since all 
seven samples also contain Xr and Xe. All these chondrites also con¬ 
tain =^®®Xe excess. The amount of the primordial gases shows some relation, 
which is seen in Fig. 6 where the =i®®Xe, =^^®Xe and ®*Xr values are plotted 
against primordial ®®A. The primordial ®°A content has been calculated from 
Table IV with the assumption that the »®A/®®A from spallation is 0.6. Also 
the result of Mtjiirat [4] has been included and within the errors, which are 


19 - RenAiconti - XIX. 
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still large, tlie increase of these gases with primordial seems to establish 
this relation. St. Marks is an exception and has lower Kr and Xe values. 
Its K-A-age is also low and some degassing must have occured. Anyway de¬ 
viations like this are expec¬ 
ted, since the niechanisni of 
trapping primordial gases is 
not known. Very likely ad¬ 
sorption effects are involved 
and the trapped A-Kr-Xe- 
ratios might vary with tem¬ 
perature. 

From this relation alone 
one cannot be certain tliat 
all the ^-"Xe is trapped 
with the otlier primordial 
Xe isotopes. The priniordial 
Xe and may have come 
into the sample in a very 
similar way and also 
can definitely be considered 
as primordial matter. 

Therefore another kind 
of experiment is under pro¬ 
gress [21]. It has been found that powdered samples release characteristic 
isotopes at different temperatures and that to a certain degree ra.diogenic 
spallation and primordial gases can be separated. In the achondrites we 
have seen that the primordial component escapes at lower temperatures tlijm 
spallation products. 

In the oases of St. Marks and Abee, as seen from *°A/®“A ratio in Fig. 6 
and 7, the radiogenic “A is released at lower temperatures than primordial “”A. 
*®A and also the xenon isotopes are expelled mainly at about 1200 in both 
cases. Only in the case of Abee at about 700 °0 a small fraction of all pri¬ 
mordial gases and ^2®Xe escapes. At this temperature also a sulphur and a 
Oa deposit was observed and this is probably caused by the decomposition 
of oldhamite which is a mineral constituent of this meteorite [22]. The inter¬ 
pretation of the ^®®Xe/^®®Xe ratio is the following: Whenever an appreciable 
amount of Xe is released, the i®»Xe/i®®Xe ratio is close to the value found in 
the analysis where a predegassed sample was totally melted. Only at lower 
temperature when atmospheric contamination from the sample and only a 
small amount of meteoritic xenon is released this ratio is lower. In this way 
the slow increase in the case of St. Marks can be understood. 

The experiment on Abee has been repeated by Reynolds [15] who con- 



Tig. 5. ~ The and content plotted 

vs. primordial ^®A: ■ □ • o A A 
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firms the general feature of our result. Unfortunately he used fragments 
in his sample and those do always contain high atmospheric contamination. 
This has been clarified in several experiments by the author. In Reynold’s 



experiment the ^^^Xe/^^^Xe ratio thei'efore varies more than in onr experiment 
and again it is low when the amount of I'^^Xe released is small. The main result 
which has to be drawn from these experiments shows in any case a strong 
connection of ’^^“Xe with primordial xenon and argon. In addition it shows 




Fig. 7. - Degassing experiment with the Abee enstatite chondrite. 
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that is chemically differently bound and the K-A-age can only represent a 
lower limit. Thus an I-Xe-age cannot be added to the K-A-age in order to 
get the end of synthesis. This also explains the fact that meteorites such 
as St. Marks can haTe a very low K-A-age and stiU contain appreciable quan¬ 
tities of primordial gases. A relation between the ages and the primordial gas 
contents seems not to exist for these reasons. The author is also inclined to 
believe that earlier heating has influenced these meteorites and that only those 
components which are resistent to higher temperature could store the pri¬ 
mordial gas. Such thermal treatment may also have acted as a mixing factor 
between radiogenic ^2®Xe and the primordial Xe isotopes. With these remarks 
it should be indicated that any interpretation of the present results seems to 
be incomplete. 

As mentioned above, this new fi.eld of meteorite research has only been 
in real progress for one year and the aim of this article has been not to give 
final answers to these far reaching problems but rather to show up the diffi¬ 
culties involved. 
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On the Origin of Cosmic Rays. 

F. Hoyle 

University of Canibridge - Cambridge 


In tlie first part of this paper I shall attempt to review the orthodox point 
of view concerning cosmic rays arriving in the solar system from outside. Then 
I will discuss less orthodox considerations in a short second part. Finally, 
in the third part, the explicit problem of the origin of solar cosmic rays will 
he considered. 


1. - Spatial distribution. 

It will be assumed that external cosmic rays are of galactic origin, in par¬ 
ticular that they originate in the galactic disk or perhaps in the galactic nucleus. 
It will be assumed that cosmic rays escape into the galactic halo> and that the 
whole system of the Galaxy is elfectively closed—the escape of cosmic rays 
into extragalactic space is unimportant, except possibly at rigidities > ^ 10® GeY. 
In this connection it may be noted that evidence concerning the exposure of 
meteorites to cosmic rays, over a time interval long compared to the orbital 
period of the solar system in the Galaxy, precludes the possibility that cosmic 
rays are confined to a limited region of the galactic disk, while the radio- 
frequency emission from the halo of the Galaxy (and from the halos of other 
nearby galaxies) provides strong evidence of the existence of cosmic rays in 
the halo. 

It may be accepted that the radiofrequency emission of the halo arises 
from synchrotron radiation by cosmic ray electrons. It cannot at present 
be definitely decided whether these electrons are of primary or secondary 
origin. If the electrons are secondaries, then the radio data leads to interesting 
and far-reaching conclusions concerning the primaries. These conclusions will 
be considered below. In view of the importance of the radio data to cosmic 
ray physics in general, it is clearly essential to establish whether the electrons 
are secondaries or not. If they are, then cosmic ray electrons arriving in the 
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solai system from, outside would consist of a more or less eq[ual mixture of 
negative and positive particles, whereas a large excess of negatives would he 
expected if the electrons are primaries. 

In spite of the comparatively high abundance of heavy nuclei in the cosmic 
rays, the main contribution to the production of secondaries comes from col¬ 
lisions of the eosmic ray protons with protous of the ambient gas. The cross- 
section a for such collisions is essentially independent of energy and is about 
2 ■ 10““ cm*. The number of protons per cm® with kinetic energies between 
M and with E in GeV, is 


( 1 ) 


^ 6 • 


diB 


"We examine the effect of this proton distribution, measured lor the vicinity 
of the Earth, existing in the galactic halo. 

The multiplicity s of electrons and positrons produced in a nnclear col¬ 
lision varies slowly with B. Over the limited range of B of interest in the radio 
problem we can take s to be constant, s 10. The total energy made avail¬ 
able to the electron-positron secondaries 0.06 B, so that the mean electron 
energy yme^ is given by 

(2) y 10 . 


In the following work this mean energy will he used throughout. Strictly, 
account should he taken of the energy spectrum of the secondaries. However, 
it can he shown that such a refinement has little effect on the radio calculations 
(provided the shape of the spectrum does not change markedly with B). 

The probability of a nuclear collision of a cosmic ray proton per unit time 
^ 6 • 10“^® S“^. Multiplying by (1), and by s^=il0 gives the rate of pro¬ 

duction of secondaries by protons in the energy range B to B -f-d®. Since 
we shall be concerned with E GeV, the denominator of (1) can he written 
as B^, in which case 


(3) 


3 


10 -^*% 


dB 


cm“® s-i , 


is the required production rate. This can be expressed in terms of y, d-y 
using (2). Thus 


(4) 


10-22 n 


dr 


cm-® s-"-, 


is the rate of production of electrons with energies between y and y+dy. 

The extent to which the reservoir of electrons builds up depends on tbe 
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time scale over which the "build up takes place. The time scale is to be taken, 
as the least of thp following four intervals: 

i) The age of the Galaxy, about 4*10^’s, or if cosmic rays have not 
always existed within the Galaxy a correspondingly shorter period. 

ii) The time scale over which electrons lose an appreciable fraction of 
their energies by bremsstrahlung. This is 10^“ n-^ s, where 10“^® cm® 
is the bremsstrahlung cross-section for electrons with energies, ymc^, large 
compared to the rest mass 

iii) The time scale over which electrons lose an appreciable fraction of 
their energies by atomic collisions. If the ambient gas were neutral, this would 
be ~ 2 • 1 yw-i s. Since the halo gas is mainly ionized this time scale is ap¬ 
preciable greater than 2 • l yn~^ s. 

iv) The time scale over which electrons lose an appreciable fraction of 
their energies by radio emission. This is 6 * 10® y~^S[~^ s, where H is the mag¬ 
netic intensity. 

Assuming that cosmic rays protons have always existed in the Galaxy, 
with the distribution (1), the expected secondary electron-positron reservoir 
is therefore given by 


< 5 ) 


n 


dy 

7 ^ 


min [4 • 101% 3 • lO^® n ~^, > 2 • 10 -® yur^, 5 • 10 ® 


Since we shall be concerned with y>-10® the tliird of the above time scales 
is greater than the second, and can therefore be omitted from (6). 

Tlie rate of energy loss, P{y), through synchrotron radiation is given by 

(6) P{y) 1-6 • lO-i® erg s-^. 


Provided w^e are not concerned with radiation near thci ends of an electron 
distribution sncli as (5), it is snfficieht to take the emission as occurring at a 
particular frequency v, given by 


(7) 


V == 4.2 • 10« Hy® Hz . 


Strictly, the magnetic intensity II should be replaced botli in (6) and (7) by 
tlie component of the magnetic field perpendieular to the electron velocity, 
but this refinement can also be omitted. 

The emissivity, and the radio spectrum, is obtained by mnltiplying (5) 
and (6), and by replacing y, dy by v, dr with the aid of (7). The result is 

2 • 10-»» , nll^ min (4 • 1 O’’ 3 • 10’ ® 10’® r-4 II~^) 

pO *75 


(8) 
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If the third alternative in the brackets were the least, the radio spectrum would 
take the form Since the observed spectrum is certainly not at this, 

we can infer that 

(9) > min (4*10®, 

lor the values of v concerned in the observation- data. A reasonable choice 
for V would be r =1.6-10* Hz. Inserting this value in (9) gives an upper 
limi t for the magnetic intensity in the halo 

(10) if <10~® [min (6, 4-10~* gauss. 

Subject to the assumptions made above, we see that the magnetic intensity 
in the halo cannot exceed ^3-10”’gauss, unless n exceeds 10“*^ atom cm“*. 
Beducing the time for which cosmic rays have existed in the halo would in¬ 
crease the permitted upper limit, as would an appreciable escape of electrons 
into extragalaotic space. 

It is of interest to consider the emissivity on the basis that JS takes its 
maximum permitted value. It is then easy to show that the radio emission 
is determined by 

(11) ^3-10-*®n-^. 

' ' yO-76 

This may be compared with the observed emissivity of the galactic halo and 
of other normal Sb and Sc spirals, which at v = l-6*10*Hz are of order 
3.10-41 erg em“* S“^ (Hz)-^-. At this frequency, (11) gives 

(12) 2 • 10“®® n erg cm~® S"^ (Hz)-^. 

Hence we obtain a remarkable agreement with observation for wcrilO-® atom cm”*. 

Because of the far reaching implications of this conclusion, it will be as 
well to give an independent argument leading to a similar value for n. Even 
if S' is set as high aS 10“* G, the magnetic field by itself cannot restrain the 
cosmic rays from flying off into extragalaotic space, if the cosmic rays possess 
an energy density comparable to that foimd in the vicinity of the earth. Eor 
the magnetic field to exercise an appreciable restraining influence it is neces¬ 
sary that HVSjt be at least 1 eV cm-®, i.e. that JT^5-10-»G. Such a high 
intensity seems entirely inconsistent with the radio frequency spectrum. (This 
remark lies within the framework of the present point of view concerning 
cosmic rays in the Galaxy. It does not apply to the unorthodox development 
of Section 2). To restrain the cosmic rays, a reservoir of ambient gas is neces¬ 
sary, with a value of n high enough for the gravitational potential energy per 
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unit volume to exceed 1 eV cm-^ Since the gravitational potential energy 
in the halo 5 •10’"^® erg atom“^, we hence require i.e. 

% > ~ 3 • 10“® atom cm~®. 

With n cr: 10 ® atom cm”® in the halo, a cosmic ray proton has a proba¬ 
bility of experiencing a nuclear collision. Therefore in a time 

scale 10^’ s an appreciable fraction of protons experience a nuclear collision. 
Indeed the cosmic ray protons have a lifetime comparable with, but less than, 
the age of the Galaxy. The heavy nuclear component of the cosmic rays, 
possesses still shorter lifetimes. On the other hand the chemical composition of 
cosmic rays in the vicinity of the Barth shows very clearly that the nuclear 
component with cannot have traversed more than 3 g of hydrogen. A 
paradox evidently arises. The following suggestions can be made for, over¬ 
coming it. 

а) The cosmic ray protons and the heavy nuclear component originate 
in different processes. If the Barth happens to lie near a source of the heavy 
component, the intensity of the latter could be abnormally high, and the 
amount of hydrogen traversed could be correspondingly low. This suggestion 
is implausible, however, in view of the similarity of the spectra of protons and 
heavy nuclei up to rigidities of order 10 GeV. 

б) The electrons responsible for the radio emission are primaries. The 
radio emission argument leading to the low value of R in the halo and to the 
high values of n would then be inapplicable. Thus n might be set as low as 

' 10~* atom om“* and the amount of hydrogen traversed in the age of the 
Galaxy would be no more than ^ 5 g for a cosmic ray within the halo. How¬ 
ever, it is to be expected that cosmic rays spend a fraction of the time in the 
disk of the Galaxy. Taking this fraction equal to the ratio of the volume of 
the disk, 10®® cm®, to the volume of the halo '--'10®®cm®, the time spent 
in the disk ^3*10^®'S. With a density of 1 atom cm“® in the disk, the 
mass of hydrogen traversed ^ 16 g. Hence, unless cosmic rays in the halo 
cannot reach the disk, the paradox survives. It is difficult to see why any 
such prohibition should exist, since cosmic rays originating in the disk can 
be expected to return eventually to it. Moreover, the agreement of the emis- 
sivity calculated above from (12) with the observed emissivity would be for¬ 
tuitous, which seems rather unlikely. 

c) A more plausible resolution can be obtained along the following lines. 
Write for the respective volumes of the halo and the disk and T for 

the average time spent by a cosmic ray particle in the disk, before it passes 
into the halo. If initially there were no cosmic rays in the halo, a time 
would be required for the energy density in the halo to rise to a value 
similar to that in the disk. At this stage approximately as much cosmic ray 
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onergy would re-enter the disk as left it. As time went on, the energy den¬ 
sity, both in the disk and the halo, wonld continue to rise, provided there 
was no significant absorption by nuclear collisions; and a growing fraction 
of the cosmic rays in the disk at any moment would he particles that had spent 
a time interval of at least TVJV^ in the halo. (In the latter connection it 
may be noted that, since H is probably appreciably lower in the halo than 
it is ill the disk, particles do not readily return to the disk. But as equilibrium 
tends to be set up, with the rising energy density, particles must return to the 
disk, to the extent required by the quasi-equilibrium.) 

An upper limit can be set to T, from the condition that the nuclear com¬ 
ponent of the cosmic rays with .Z > 3 has not passed through more than g 
of hydrogen. This corresponds to '--'2-10®*^ atom cm-^. For a disk density of 
about 1 atom cm-®, the maximum path length is therefore ^ 2 • 10^^ cm, which 
is traversed by a cosmic ray in ^ 7 • 10^® s. Hence T must be < 7 • 10^® s. The 
interesting case is that of equality, 7 *10^® s ^2*10® years. 

With cri 10®, the average time spent by a halo cosmic ray before 

returning to the disk is then ^7-10i®s. The path traversed is-^2-10®’cm 
For n 10“® atom cm~®, the particle therefore traverses 30 g of hydrogen. 
Since cr c = i 2 - lO”®® em~® for nuclear collisions by protons, the chance of a proton 
experiencing a nuclear collision in traversing this quantity of hydrogen is 
1 — exp[—0.4] ;V. Hence a time can elapse without more than a 

modest fraction of the halo protons experiencing collision. This implies that 
the energy densities in the halo and disk will indeed be comparable, as was 
assumed in the above calculation of the radio emission from the halo. More¬ 
over, we expect that, since the time scale for nuclear collision is comparable 
with TVJV^, roughly one half of the energy density in the disk at any mo¬ 
ment will consist of cosmic rays that have returned from the halo, and which 
have traversed 30 g of hydrogen. The other half consists of cosmic rays 
that have not yet entered the halo, that have originated during the last 
2-10® years, and Avhich have traversed only 3 g of hydrogen. It follows 
that the cosmic rays divide into two groups, and that the energy contribution 
of the two groups are approximately equal. 

The apparent paradox is now resolved, for only the group that has trav¬ 
ersed '^Sg of hydrogen can contain heavy nuclei. Cosmic rays returning 
to the disk from the halo must consist essentially of protons, D, ®He, and ^He, 
since in • traversing ---'30 g of hydrogen all nuclei from lithium upwards would 
be destroyed. Although at a given rigidity protons are in great excess by 
number, at a given energy their contribution is closely comparable to that 
of nuclei with .2^ > 6. This approximate energy equality could well correspond 
to the approximate equality of our two groups. Hence we can follow a sug¬ 
gestion of Peters, that all cosmic rays might start as heavy nuclei. Hitherto 
the difficulty in accepting this attractive idea has been the low value of the 
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cosmic ray ratio of (Li, Be, B) to (0, N, O). This is not consistent with a well- 
mixed assembly in which heavy nuclei, Te say, are steadily degraded to 
protons. The difficulty does not arise here, however, since the cosmic rays are 
not well mixed in the present model. An observer far out in the halo would find 
(Li, Be, B) to be more abundant than (C, N, O). 

Two tests of these ideas follows immediately. The isotopes ®He and *He 
must be comparable in their abundances. According to the recent work of 
Appa Kao [1] this appears to the be case for rigidities less than 1.6 GeV. At 
such low rigidities the “He could be of solar origin, however. Thus, although 
a failure to find “He would contradict the above ideas, detection at low rigid¬ 
ities cannot yet be taken as confirming them. 

Electrons enter the disk from the halo. If, as seems reasonable, the rate 
of entry is comparable to that of protons of the same rigidity, we can expect 
the electron density (say for y > 2 000) to attain equilibrium with the halo 
reservoir in a time scale Tc=;7-10^“s. (Collision with the neutral hydrogen 
atoms in the disk do not degrade the electron energies at all seriously. The 
time scale for degradation at a density of about 1 neutral atom cm-“ is 
2vl0^“y~*s, which for ^>2000 is long comi)ared to T.) Hence the electron 
density in the disk should be similar to the distribution (5), where n is the 
halo density. With cil0-“ atom cm-“, Hc=:3vl0'-’G, the distribution for 
2 - 10 “< 7 < 2 - 10 ^ is 


(13) 





cm"““ . 


To obtain tlie expected flux of electrons more energetic than y, for y values 
not too close to the upper limit of applicability of (13), first integrate with 
respect to y (giving 2^^id then multiply by 10^ c/43t in order to ob¬ 
tain a value expressed in m-“ 8“^ sr"h The result is r-.'6 • 10“/y* m-“ s-^ sr-h 
With th(‘ electron energy in GeV, the flux of electrons more energetic than E 
is --'60//!?hn-“ s-^ si-h B'or comparison the proton flux obtained from, (1) is 
10‘‘/(1+.®)* m““ s“^ sr“h 

At y>2-l()'‘ (K>10GeV) the distribution (13) is not applicable, since 
degradation by synchrotron radiation provides the dominating time scale for 
electrons in the halo. The corresponding distribution 


<14) 


5 


n ir-“ 5 • 10-“ 

va' 


for atom cm-“, iZ 3 • 1 ()~’G. Again expressing the electron energy 

in GeV, the electron flux for -fi7>10GeV is ^ 300JS“* m“^ S“^ sr~^. The I'atio 
of the electron flux to the proton flux at i?>10GeV is therefore0.03 
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Eesiilts may be summarized as follows: 


E (GeV) 

Electron flux/Proton flux (per cent) 

1 

---1.5 

10 

0.3 

100 

0.03 

1000 

0.003 


These flux ratios are given for the same electron and proton kinetic ener¬ 
gies. At rigidities of 10, 10®, 10® GeV the ratios are of course essentially the 
same. But at a rigidity of 1 GeY the ratio is reduced to about 1 %. • This 
values lies somewhat above the upper limit set by Obitchfield, Ney and 
Oleska. [2]. The discrepancy does not seem a crucial one, however, since 
none of the above formulae can be taken as accurate within a factor 2. 

Processes of origin. - At first sight it seems easier to understand how the 
cosmic rays might have acquired a definite energy spectrum if they originated 
in one source only, such as has been proposed by Ginzburg- and Pikelner, 
a source in the galactic nucleus. However, an argument against a single source 
can be given, although the numerical values involved are perhaps not suffi¬ 
ciently secure to make the argument decisive. 

In terms of the model described above, it is necessary that the time scale 
for escape into the halo be — T, irrespective of the energy of a particle— 
otherwise the heavy nuclear component would not show the same spectrum 
as the protons and helium nuclei. This implies that the process is one of dif¬ 
fusion. Writing h for the thickness of the disk, the mean free path in the 
difiusion process which with ci 200 parsec, Tc=;7*10i®s, is about 

^ parsec. If the cosmic rays originate in a single process then this mean free 
path cannot be interpreted in an isotropic sense, otherwise particles would 
only diffuse a distance h from the source in time T. The mean free path 
parsec must apply only in a direction perpendicular to the galactic plane. 
In time T, particles must move a distance of at least the galactic radius r in 
direction parallel to the plane. Hence the mean free path in such directions 
must be some 10* times greater than in the normal direction. Indeed, if par¬ 
ticles travel along the spiral arms, the distance they must move in order to 
ftU the galactic disk is considerably greater than r, being r<.^ 27 ir multiplied 
by the number of turns of the spiral arms, which probably <->.'5. Taking 
r!:i:::5kpc, this is -—5 *10®® cm. Even this distance is probably too small, since 
spiralling around the magnetic field lines increases the path length, say by a 
further factor which yields a total of 15-10®* cm, requiring a travel 
time close to T. Hence it seems that, while diffusion with path length 
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— 10^® cm takes place perpendicular to the galactic plane, there must be an 
essentially simple streaming of cosmic rays in directions parallel to the plane. 
Such a streaming implies a lack of isotropy. In time T the cosmic rays pro¬ 
duced by a single source have scarcely sufficient time to fill the disk before 
they escape into the halo. This requires the flow in the disk to possess a di¬ 
rected sense. 

It can be argued that the observed isotropy of cosmic rays is a product 
of deflections taking place locally within the solar system, but this suggestion 
does not seem very plausible at energies above 10* GeV. A lack of isotropy, 
not in rigidity experiments (at a given rigidity most cosmic rays are protons, 
and these, coming from the halo in the above model would surely be isotropic), 
but in air shower experiments, is to be expected. No appreciable anisotropy 
is in fact found. The argument appears therefore to point against a single 
source, although the circumstance that the time interval required to fill the 
disk by simple streaming turns out to be of order T might be taken to support 
the idea of a single source. 

A stellar origin of cosmic rays does not suffer from any Such difficulty, since 
many sources would be operative over a time interval r^T. In - 2 • 10« years 
some 10* supernovae might be expected. If they occur at random over the 
galactic disk, the average area of the disk per supernova is ^3 *10*1 cm*, 
which for a circular area corresponds to a diameter of 200 parsec. Since 
this is precisely of the order of the width of the disk, the mean free path 
computed above can be interpreted in an isotropic sense. 

The supernovae supply an adequate total amount of energy. Taking the 
volume of the galactic disk as ^ 3 • 10«« cm*, the total cosmic ray content at 
1 eV cm“® is ^6 *10®* erg. If this is to be provided by --^10* supernovae the 
requirement is for ^5-10®° erg per supernova. FowLBXt and Hoyle [3] give 
the energy output of type II supernoave as greater than 10®^ erg. The energy 
requirement is tight but not impossible. Since it also seem likely that the 
type II supernovae are the seat of origin of the iron group elements [3] such 
a source fits the chemical requirement very well indeed. 

Moreover, intense electromagnetic activity is certainly associated with ex¬ 
panding supernova envelopes. In the spectacular case of the Crah Nebula 
<-'10*® erg are present as cosmic ray electrons. If protons are also present, 
the total cosmic ray energy could be higher still. Nor is the Orab Nebula an 
isolated case. Increasingly large numbers of non-thermal radio sources have 
been found recently along the plane of the Galaxy. These are very likely super¬ 
nova remnants. Indeed it seems probable that a considerable fraction of the 
radio emission from the plane of the Galaxy comes from such remnants. Their 
number could well be of order 10* or more. 

An investigation I made recently [4] on the cause of the electromagnetic 
activity in supernova remnants would, if correct, weaken the latter part of 
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this argument, however. It appeared that the rapidly expanding gaseousi 
envelope acts on an already-existing external cosmic ray assembly in such 
a way as to lift the energies of the cosmic ray particles. The process is anal¬ 
ogous to the Fermi mechanism in which collisions with massive clouds lift- 
the cosmic-ray energies, but in which the cosmic rays must first be present. 
This would imply that supernova remnants are not the seat of origin of cosmic 
rays, although a considerable fraction of the energy of expansion of the enve¬ 
lope can be taken up in lifting the energies of the already-existing cosmic rays. 

ISTor does it seem likely that cosmic rays can originate at the moment of 
explosion of a supernova. The density of matter in, or near, a supernova is 
likely to be so great that heavy nuclei accelerated to relativistic energies would 
be almost instantly fragmented. The moment of origin must, it seems, occur 
at least some days after the first outburst. This can be seen by writing U 
for the expansion velocity. After time t the surface area of the expanding 
envelope is If we consider a layer 1 g thick at the surface of the enve¬ 

lope the mass is just 4c7tUH^. If this mass should become accelerated to rela¬ 
tivistic energy the total energy Equating to 10®^ erg, and 

putting 17 3 000 km S”^, gives fc±10®s. This is the minimum time interval 

that must elapse between the first outburst and the acceleration of cosmic 
rays. Otherwise the cosmic rays would need to be produced in so thick a 
layer that a break up of heavy nuclei would ensue. A still greater time inter¬ 
val tr^l year, say, would be desirable, in which case the envelope would have 
attained a radius —10^® cm, very much larger than the original star, which 
can scarcely have exceeded 10^® cm in radius at the time of explosion. 

The question arises as to how such a delayed acceleration can arise. Hardly 
by any outbreak of turbulence. After an interval of 1 year the expansion of 
the envelope must surely have reduced very greatly any initial internal energy 
possessed hy the outward moving material. A second phase of explosion of 
the star is needed, in which matter is ejected at stiU higher speed than in the 
first outburst. The matter from the second explosion then catches up with 
that from the first explosion. The effect is to produce an. outward moving 
shock that travels through the original envelope until it reaches the surface. 
The initial speed of the shock is of the order of the speed of the second out¬ 
burst. This could be very high indeed, —10® cm s“^. As the shock expands 
into lower density regions, as it approaches the surface of the outer envelope, 
it speed must rise, and no very great increase is necessary to bring it into the 
relativistic range. It does not appear unreasonable to suppose that a surface 
larger of the outer envelope might be thrown off with a kinetic energy com¬ 
parable to its rest mass. 

This possibility has affinities with a suggestion of Colegate and Joynson. 
It differs in detail in the requirement for a second outburst, in not attributing 
the origin to the first explosion, and in not seeking necessarily to explain the 
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cosmic ray energy spectrum, in terms of the behaviour of the shock as it ap¬ 
proaches the outer surface. It may be sufficient simply for the process to be 
one of injection at the relativistic threshold, as will be seen in a moment. 

Since it became clear that type II supernovae possess masses much hwger 
than the sun [3], the eventual evolution of the stellar remnant remaining after 
the first outburst has raised interesting questions. The remnant cannot be 
disintegrated by the first outburst, nor is its mass at all likely to be below the 
degeneracy limit. A second outburst therefore seems certain to occur. More¬ 
over since the second outburst occurs at a more compressed state than the first 
it must take place at higher speed. In the past, the difficulty has been to see 
how the second outburst could take place as soon as a year, or even lO-* years, 


after the first. The remnant in tlie type II case is initiarlly non degenerate—it 
possesses a considerable store of thermal energy. Not until sufficient time has 
elapsed for this energy to leak out of the star can a second drastic process take 
place. The time scale for leakage was formerly thought to be too long for any 
interesting overlap, of the sort considered above, to take place. But recent 
work on rapid neutrino emission at temperature °K suggests that the 


leakage time scale must be set shorter by many order's of magnitude than 
loss by radiative emission would give. Indeed, neutrino leakage could well 
reduce the time scale for evolution of the stellar remnant to '-^1 year. It 
will be amusing, and rather ironic, if the origin of cosmic rays should turn 
out to depend quite crucially on the properties of the neutrino. 

The double outburst of a supernova has the further advantage of per¬ 
mitting an explanation of the'power law energy spectrum of cosmic rays, pro¬ 
vided one is willing to i*elax somewhat the diffusion condition parallel, to the 
galactic plane, provided motions parallel to the x>hane allow cosmic rays j^ro- 
dueed by one supernova to enter regions influenced by other supernovae. If 
in time T cosmic rays diffuse ^ 1. kpc parallel to the i)lane as comx)ared with 
100 parsec normal to the plane, the necessary requirement is met. 

The impressive feature of .Fermi’s theory was the derivation of a j^ower 
law. The effect of collisions was to produce an exponential gain rate oc, 


(15) 


dt 


aE . 


Oomhlned with this, it was assumed that the probability of a cosmic ray es¬ 
caping from the region of acceleration was a constant, say, per unit time, 
and that was independent of the cosmic ray energy B. Then it was easy 
to show that the cosmic rays acquired the integral spectrum 

These ideas can he incorporated into the supernova theory and the ratio 
^/a can be shown to be of order unity, subject to certain straightforward as¬ 
sumptions. 
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Supemovae cannot be expected in any strict sense to be nniformly distrib- 
Tited over the face of tbe Galaxy. Bather it is to be expected that in any 
particular interval of time snpernovae are concentrated in discrete complexes 
of interstellar gas clouds. Let q be the supernova rate in one such complex. 
We consider, first, the cosmic rays in this one complex which we take to be 
of volume Fj,. Let the probability of escape of a cosmic ray otit of the complex 
into the general disk of the Galaxy be s-^, with r<^T. Assume that within 
the complex cosmic rays are well mixed with a total energy W for the whole 
complex. Write K for the ultimate expansion energy of a supernova (after 
second outburst) and Ik for the energy of the cosmic rays generated at the 
second outburst. 

Beturning to the cosmic ray energy spectrum, we have yS = T~^. To ob¬ 
tain a we note that in a time interval di there are q d^ supernovae. The 
dynamical energies possessed by their expanding envelopes ^Kqdt. (The 
interval di we take to be -—I year, so that we are concerned with dynamical 
energies after second outburst.) This energy is used to lift the energies of 
already-existing cosmic rays. Hence W is increased by kq d^ because of newly 
generated cosmic rays and by because of the lifting of already-existing 

cosmic rays. On the other hand W is decreased by the escape of cosmic rays 
out of the complex, the amount of the decrease being WT~^di in the time 
interval di. On the basis that W reaches a more or less steady balance, we 
Can equate gains and losses, 

(16) W= rq{k + K), 

this being an equation for W. Furthermore, the energy of a single cosmic 
ray particle increases to JS+dJE? in the time interval di, where 


(17) 


d® 

E 





provided all cosmic rays partake in the lifting process in proportion to their 
energies (this was the situation investigated in [4]). In this case (x = KqlW 
and, inserting the above expression for W, we have a = With 

jd = T~^, the ratio /S/a is 1-f-Zc/JC, and the cosmic ray spectrum in the complex 
has integral power law. It is remarkable that the form is determined only 
by the ratio kjK. The quantities r, q^ W do not enter. 

The next step is to consider the ratio kjJSl. Write Jbfi, for the masses 
ejected in the first and second outbursts, and let Ui, XJ^ be the corresponding 
velocities. After the second envelope catches the first, the outward speed 
becomes and the loss of .dynamical energy is 

|•Af^Jf2(^72— VxY{Mx-[- This is the energy available for the shock. Thus 
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According to Fowler and Hoyle, Mx and are likely to be comparable, 
in which case 


h _ (Ua — UxY 
+ VxY * 


On this basis we expect an integral energy spectrum with exponent between 
1 and 2, in agreement with observation. 

So far we have considered only the situation within one particular complex 
of interstellar clouds in which type II supernovae are occurring. The question 
now arises as to what will be the energy spectrum of the general distribution 
of cosmic rays in the disk of the Galaxy. This distribution arises from super¬ 
position of cosmic rays from many separate complexes. But provided IcjK 
is the same, or has the same range of variation, for each complex, and pro¬ 
vided cosmic rays are generated at the same injection energy in each complex, 
the contribution of many complexes will combine into a distribution possessing 
the same energy spectrum as that of each separate complex. It is not un¬ 
reasonable to suppose that these conditions are satisfied. All we require is 
that the supernovae be closely similar in the different complexes. 

It remains to consider ordinary stable stars as sources of cosmic rays. 
Taking main-sequence stars first, O and B stars do not possess convection 
isones, and hence do not possess sources of free energy near their surface. 
Hence it seems unlikely that very early-type main-sequence stars can be major 
contributors of cosmic rays, in spite of their high individual luminosities. 
Dwarf stars possess deep sub-photospheric convection zones, and very likely 
electromagnetic activity of the kind observed at tlie solar surface occurs on 
all dwarf stars. The dwarf flare stars are notable cases. It must be remem¬ 
bered, however, that flares are conspicuous in dwarf Hare stars only because 
the normal luminosities of these stars are very low. There is no reason to 
believe that the electromagnetic activity in dwarf stars is in general any greater 
than the solar activity. It seems then that the dwarf stars fall short of sup¬ 
plying cosmic rays at the required rate by many orders of magnitude. 

The most likely sources of cosmic rays among main-sequence stars are the 
A stars. The A stars possess convection zones. They rotate much more rap- 
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idly tlian tlie dwarf, and the combined ejafects of convection and rotation 
conld produce enhanced electromagnetic activity. Intense magnetic fields, 
(lO^-f-10*) G, have been observed at the surfaces of many A stars. Moreover, 
their surface chemical compositions are often peculiar in a way that points 
to pronounced electromagnetic activity—to nuclear reactions following accel¬ 
eration to millions of volts at the least. Yet the total energy requirement 
appears too high for the A stars, the total luminous output of which can scarce¬ 
ly exceed ^10*^ergs~^ for the whole Galaxy. Unless these stars convert 
some 10% of their whole output into cosmic rays they fall short of meeting 
the energy requirement. While it is true that a similar measure of efficiency 
is necessary for the supernovae, the energy of supernovae is free energy, whereas 
only a small fraction of the energy of the A stars is free energy. 

Most of the luminous output of the Galaxy comes from the giant stars, 
an output 3-10^* erg s~^ An efficiency of ^^0.1% would make the giants 
important contributors of cosmic rays. Giants, moreover, possess highly active 
sub-photOspheric convection zones, and hence considerable free energy is avail¬ 
able near their surfaces. Little appears to be known about this interesting 
possibility, which should evidently be kept in mind, in spite of the apparent 
success of the supernova theory. 


2. - The radio-spectrum difficulty. 

The spectrum obtained in Section 1 for the halo of the Galaxy was 
This is close to the form dv/v®-'^ quoted by some observers, but is distinctly 
steeper than the form dr/v®-® given by others. The difference is at first sight 
a minor one, but the implications of the difference are far reaching, so far 
reaching as to justify a more thoroughgoing observational investigation than 
has hitherto been made. 

There appears to be little scope for changing the form of the calculated 
electron production spectrum. If account had been taken of the dependence 
of electron multiplicity s on the primary energy jS7, the effect would have been 
to steepen the spectrum very slightly, to about dv/v®-®. This appears to be of 
the order of the effect of the approximations used in the calculation. Hence 
to flatten the spectrum to dr/v"®, if indeed the spectrum should be as flat 
as this, something other than a modification of this part of the calculation 
appears necessary. 

To yield a radio spectrum dr/v®-® the electron spectrum must be of tile 
form dy/y% instead of dy/y^. Such a distribution arises under the following 
conditions. Suppose electrons are produced only for y>yi, and let the mag¬ 
netic intensity be high enough for degradation through synchrotron radiation 
to take place down to 7o<7i- I'uxthermore, let a steady-state be set up in 



ON THE OHIGIN OF COSMIC EA.TS 


307 


■which the rate of production of secondaries equals the rate of degradation. 
That is to say, the rate at which electrons are degraded below yiyo<iy <yi) 
is equal to the rate of electron production. Taking this to he constant, the 
rate of degradation below y is a constant—the number of electrons above y 
at time t that have fallen below at time is just the number of electrons 

produced in this time interval. Write JV'(y)dy for the electron distribution 
per unit volume in this steady state. Then the number of electrons degraded 
below yiyo<y <yi) is simply N{y)P{y){mG^ per unit volume per unit time. 
If this is to be equal the production rate, then 


(18) 


N{y) 




(electron production rate). 


Inserting P(y) from (€) gives N(y) oc y-^. 

The total emission per unit volume from electrons between y and y-f-dy 
is just J^(y)P(y)dy. Using (18) together with dy 2.5-10-^jlT“^dr/v°*® from 
(7), gives an emission rate 

(19) 2.5-10 -*'(electron production rate). 

Since we require the emissivity at r 10® Hz to lie between 10“«® and 
10“^*^ erg cm“® s~^/Hz, it follows that the electron production must satisfy the 
condition 

(20) (electron production rate) c=i 10-'*^ c=f. 10“®’cm~® S“^, 

H being in gauss. 

It is of interest to compare this requirement with (4), which gives the 
production from the normal distribution of cosmic ray protons. • 

The total production of electrons with y>yi, is 

(21) — ^-10~^^ny~^ cm"’’ s"^ . 

Inserting n 10“® atom cm“® for the halo, and equating to (20), gives yiC=: 

lO^jBf"^. This is only weakly dependent on H, and for JBT of the general 
order of 10“« Gr required yiC^lO*. 

The significance of the previous paragraph is tliat electron production above 
yiCilO*, arising from the normal cosmic ray protons, is adequate to give the 
correct emissivity, provided the magnetic intensity is high enough to produce 
synchrotron degeneration down to y yi, provided no electron secondaries 
are generated below y^, and provided the necessary magnetic intensity turns 
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out to yield values of v of the correct order, i.e. Hz. The synchrotrou 

time scale g. Eliminating y with the aid of (7) enables this 

time scale to he written as s. If at vc=:10®Hz this is to be 

less than the age of the Galaxy, ^4*10^’s, and also less than the brems- 
strahlung time scale, 3-10^’ s for we require H > 

--2-10«G, 

The third of the three provisos mentioned above is easily checked, namely 
that the frequency vc=;10®Hz corresponds to a y value below yj.ciilO'*. In¬ 
serting v=10®Hz, JET>2*10-® in (7) gives y<'--^4000. Still lower values of 
y correspond to frequencies below 10® Hz. 

The first of the three provisos is simply a demand that JT be large enough. 
Setting JET 3 • 10~® G in the halo, instead of 3-10~’G, does not seem to be 
an embarrassment. In fact, the reverse is the case. A magnetic intensity as 
low 3*10“’ G would not yield important coupling forces of an electromagnetic 
nature between the halo and the disk. Prom the point of view of our under¬ 
standing of galactic structure this seems a retrogressive step. A field at least 
as high as -->^3*10“®G is to be preferred. 

At first sight one may wonder at what essential point the present consid¬ 
erations differ from those of Section 1. The answer is in the proviso, still 
to be considered that no secondaries are produced below y^ c=l 10^. This allows 
the magnetic intensity to be increased sufficiently for synchrotron degradation 
to take place below yi, leading to the spectrum dv/v®-®. If the normal elec¬ 
tron production rate (4) were to operate below yj, we should simply obtain 
the spectrum dr/o'^-®® already rejected in (8). It is emphasized that the require¬ 
ment is not for a mopping up of electrons below y^ {e.g. ionization losses), 
since such electrons are needed to give the radio spectrum—in fact the electrons 
must be controlled by the synchrotron process, not by any other process. The 
requirement is for an absence of production below y^. It is difficult to see 
how this condition can be met without a drastic change in the cosmic ray pic¬ 
ture developed in Section 1. This is why an entirely unambiguous determi¬ 
nation of' the radiofrequency spectrum is a matter of such great importance. 

What at first sight appears to be a simple resolution of the issue is obtained 
by reducing the halo density, thereby reducing the production of secondaries 
over the whole range of y. Electrons with y>yi, could then be introduced 
as primaries. The difficulty with this suggestion is that cosmic rays returning 
to the disk from the halo would, during their sojourn in the halo, have passed 
through less than the 30 g of hydrogen calculated in Section 1. If n where 
reduced by a factor of 3 only the reduced mass of 10 g of hydrogen would be 
insufficient to destroy all (Li, Be, B) in the returning cosmic rays. A high ratio 
of (Li, Be, B) to (C, E", O) would be expected in these returning particles. 

It could of course be argued that n is much lower still in the halo, 
< 10“® atom cm-®, in which case the returning cosmic rays would have trav- 
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versed very little matter. But eaoli time the cosmic rays retiirii to the disk 
they traverse ~ 3 of matter in the disk. There mil be imiltiple returns, 
and cosmic rays ■will exist at any moment within the disk that have traversed 
uiiaeceptable quantities of matter, ^-^12 g. If n is very small in. the halo, 
we expect the ma>iiniunL numher of returns to he given by the ratio of the 
age of tlie G-ahixy to Ifow T has already heen set at its upper limit, 

^7.1()i3f5^ and can hardly be taken much greater than 10® giving 

not greater than /-^T-lO^^s. Within the age of the Galaxy we there¬ 
fore expect at least 5 ret’urns, giving cosmic rays that have traversed from 

to IB g of hydrogen. This is inconsistent with the observed chemical com¬ 
position. 

To cope with this dijfhcnlty we could argue either, that during the char¬ 
acteristic tinue interval T for the disk, or during the time interval TVJV^ 
for the halo, there is an appreciable probability, 0.5 say, of escape into extra- 
galactic space. Then the proportion of cosmic rays returning to the disk would 
fall off rapidly as the numher of returns increased. But this at first sight 
simple resolution has now led to considerable complications, in which many 
of tlie attractive features of Section 1 have been lost. Bor example, the cosmic 
rays can no longer all start as heavy nuclei. Escape from the Galaxy is neces¬ 
sary. Primary electrons m-ust he postulated. 

The last of these complications can he avoided. And the artificial assumption 
that the probability of complete escape from the Galaxy just happens to he 
comparable witli tlie probability of entering the halo (or of returning to the 
disk) can be avoided. The need in Section 1 to suppose that the probability 
of entering the halo was independent of rigidity, arose from accepting the heavy 
nuclei as tlie true primaries. Once we are forced to drop this attractive pos¬ 
sibility, a rigidity-dependent probability can he postulated. We now regard 
the probability as increasing with rigidity in a marked degree. Then we take 
the low-energy cosmic rays as escaping from the Galaxy and high-energy 
(‘.osinic rays as entering the halo—the route out of the Galaxy is easier at low 
energies, the route into the halo is easier at high energies, say at rigidities 
above 10® GeT. Then we can revert to the halo electrons as secondaries, 
since these now arise at y >10*. 

This picture would be consistent with a fairly regular field in the spiral 
arms that opened into extragalactic space. Instead of a diffusion problem, 
one has now to consider drift in magnetic inhomogeneities—even in a tolerably 
regular field there w’^ould still he some inhomogeneities. The drift velocity 
r^ cBjL, where IHh the Laxmor radius and L is the characteristic scale of the 
inhomogeneity. The time scale for drift through a distance L is therefore 
Setting parsec 10®« cm, comparable with the half thickness 

of the disk, and iKcnlD^^em for a cosmic ray of rigidi-ty 10» GeT in a field 
-^3 this time ^3 -10^* s, which is not m-uoh different from the above 
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value for T, Hence it is not out of tlie question to suppose that particles with 
rigidities of this order might succeed in escaping from a rather regular disk 
field into the halo. 

The gains and losses of our new picture may be summarized: 

Losses : 

1) Cosmic rays cannot all originate as heavy nuclei. 

3) There is no immediate explanation of why the energy of the proton 
component of the cosmic rays is comparable with that of nuclei with 
(unless this can be demonstrated to be a consequence of the chemical com¬ 
position of the outer layers of type II supernovae). 

3) In order to leave the Galaxy in —10^^ s, particles must stream more 
or less smoothly out of the Galaxy. This could give a sense to the flow leading 
to spatial anisotropy. (Such anisotropy would hold only for rigidities 
< 10® GeY. At higher rigidities the particles enter the halo, and they return 
to the disk after a time interval On their return such particles 

can be expected to show a close approximation to isotropy. So anisotropy is 
not to be expected in air shower experiments. At low rigidities, isotropy might 
be introduced by magnetic fields within the solar system. The issue of aniso¬ 
tropy is not crucial, therefore, although it constitutes an awkward, point.) 

Gains : 

1) The radio spectrum can be dr/v®*®. (N’aturally if this does not turn 
out to be necessary, the whole of the present section becomes redundant.) 

2) The magnetic field in the halo can be taken of sufSLcient strength to 
give appreciable coupling forces between the disk and the halo. 

3) The upper limit for T, set in Section 1 by the (Li, Be, B) to (O, K, O) 
ratio, is explained in terms of the time of travel out of the Galaxy. Indeed, 
the reason why most of the cosmic rays have not passed through more than 

3 g of hydrogen is very simple, because in the main cosmic rays leave the 
Galaxy before passing through more than this. 

‘^) Hydrogen is detected spectroscopically in the expanding envelopes 
of type II supernovae. Hence it may really not be permissible to argue that 
protons are an unimportant component of the true primaries. This point goes 
some way towards neutralizing the first of the above «losses ». 

5) Photographs of extragalactic nebulae suggest that spiral structure is 
an ordered phenomenon. A reasonable degree of smooth streaming of cosmic 
rays along the arms is therefore to be expected, rather than a chaotic diffusion 
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picture. Reversals of the motions of individual particles at constrictions of 
the field can take place a moderate number of times without serious inconsist¬ 
ency arising between T and the time of travels, which ~ 27zrc-^ multiplied 
by a factor ^ 5 for the effect of spiralling about the field lines and for the 
number of turns of the spiral arms from the sun to the edge of the Galaxy 
{about two such turns). Thus 7* 10^® s and 3 *10^® s. 

To finish this discussion, it may he noted that the above possibility leads 
to an electron flux that is appreciably less than the value calculated in Sec¬ 
tion 1. The flux is now mainly given by the secondaries generated during the 
passage of protons out of the Galaxy, Le. only over the time scale T. Taking 
atom cm“® for the disk, and multiplying (4) by 379^c=^10^^, gives — 10-^ d.yly~^ 
for the electron distribution. Integrating from y to oo, we have | -10"®/“^ 
for the density per cm® of electrons above. In terms of flux this corresponds 
to ^ or if the electron energy is expressed in GeV to m~® S""^ sr~^ 

for the flux above energy JE. 

The effect is therefore to reduce the expecred flux by a factor 10 or 
more. If the flux should in fact turn out to be small, of order 0.1% of the 
proton flux at j© 1 GeV, this would be a strong confirmation of the present 
rather unorthodox ideas. These ideas woold also require a low value for the 
ratio of ®He to '‘He. 

On the present basis the distributed radio emissivity per unit volume from 
the disk must be low. The fact that the emissivity is apparently higher than 
the halo must be attributed to a considerable multiplicity of discrete sources, 
greatly expanded supernova remnants. The evidence on this point does indeed 
suggest that a considerable fraction of the radio emission of the disk arises 
from discrete non-therrnal sources, probably from supernova remnants. 

Bxtragalaotie cosmic rays. - Supernovae of type II 'occurring in other gal¬ 
axies may also be expected to produce cosmic rays. SiiUie type II supernovae 
seem to be stars of large mass, they can be found only in galaxies possessing 
gas and dust, essentially in the spirals. It is therefore of interest that normal 
radio emission from galaxies is largely confined to 8b and 8c spirals, exactly 
as we should expect. Particularly, we should expect little in the way of radio 
emission from ©-type galaxies, since type II superiiovae do not seem to occur 
in them. Moreover, in comparing galaxies containing similar stellar popula¬ 
tions, the supernovae activity depends simply on the numerical strength of 
the population in question. Since the optical emission also varies directly with 
the population, the supernovae activity—and hence the radio emission—will 
vary from galaxy to galaxy in the same way as the optical luminosity. This 
appears to be the case for 8b and 8c galaxies. 

The close correspondence between the radio magnitudes and the optical 
magnitudes of 8b and Sc galaxies would indeed strongly suggest a stellar process 
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of origin of cosmic rays. It suggests, moreover, that the properties of the 
steUar assemblies in such galaxies are quite remarkably similar. 

But this leaves the origin of the cosmic rays responsible for the abnormally 
strong radio sources quite unexplained.. The requirement is for cosmic rays 
with total energy erg to be made available in a time inteival 

no longer than (IC^-blO®) years. A supernova rate of at least 1 per year ■would 
be required,, and this is not observed to occur in any galaxy. Moreover, the 
strong radio sources appear to occur mainly among j®-type galaxies, and. thin 
is not at all what we would expect on the supernova theory. The implication 
is that the most intense processes of origin of cosmic rays are not at all of the 
kind described above. The optical evidence associated with the radio source 
M87 in the Virgo Clouds points to the same conclusion. This galaxy possesses 
a jet emerging from the nucleus, suggesting a large-scale activity affecting the 
whole galaxy, not a process arising from many individual stellar units. In 
this connection it may be remarked that M87 is not intrinsically a particularly 
strong so'urce. The typical strong source is more intense by an order of mag¬ 
nitude at least. 

A puzzling problem arises from the spectra of the strong sources, whi<*li 
are often about dr/r°-®, very close to the spectrum calculated in Section 1, 
suggesting that the radio emission arises from cosmic rays possessing an energy 
spectrum similar to that found in the Galaxy. One wonders why two appar¬ 
ently quite distinct phenomena should produce nearly identical spectra. 
IProm this as a starting point it is possible to follow two quite distinct paths. 

Beferring back to the discussion of Section 1, a remarkable feature of tlie 
spectrum law was the elimination of most of the factors that related to the 
cosmic ray so'urce itself. Indeed the only requirement was for comparable 
contributions from lifting the energies of already-existing particles and from 
the injection of new particles. This was the ratio Kjh and the integral energy 
spectrum had index l-ffe/JST. Any process that supplied both injection and 
lifting in a ratio close to u n ity would lead to a cosmic ray energy spectrum 
with index 2, and this would give reasonable agreement with the radio data. 

A second possibility is to argue that the cosmic rays are not a galactic 
phenomenon at all, that the particles observed in the vicinity of the Barth 
have entered the Galaxy from outside, that there is just one universal distil- 
bution of cosmic rays possessing a unique energy spectrum. If it should turn 
out that the radio spectrum of the Galaxy really is dr/r°-®, and if the non-solar 
electron fl'ox should turn out to be low, this will become a more attractive pos¬ 
sibility than it is at the moment. If it should be necessary to regard cosmic 
rays in the galactic disk as ha'ving a more or less free passage out into extra- 
galactic space, it may well become more natural to regard the cosmic rays 
as having entered the Galaxy from outside, the time scale for entry and exit 
being T. This would help in dealing "with the anisotropy issue, and it would 
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remoT© a possible difEiculty concerning cosmic rays ‘wltli energies of '-^10* GeV. 
This diflficnlty lias not been mentioned so far, beeanse of the present uncer¬ 
tainty as to tlie identity of these very-high-energy particles. If they should 
be protons, not heavy nuclei, and if the energy spectrum should turn out to 
extend to lO’-" GeV, the difficulty of confinemeat inside the G-alaxy becomes 
acute, particularly if the magnetic intensity has to he set as low as the halo 
value of 3 *10'^ G obtained in Section 1. 

The usual reason for rejecting an extragalactic origin for the cosmic rays 
is the energy problem. How can one provide 1 eY cm~® throughout the whole 
of space? This is clearly a cosmological q[uestion. In the steady-state cosmo¬ 
logy there is no serious difficulty, at least in principle. The mean intergalactic 
mass density is g cm“®. If matter is created in this cosmology in the 

form of neutrons [5], the thermal energy density arising from neutron decay 
is 2.5 • 10"^® erg cin~'**. 

The velocity of sound, IJ say, in this hot gas sets a condensation distance 
scale, UH~^, where H is the Hubble constant. Compression of cosmic rays 
during the formation of condensation lifts their energies. Each particle gains 
energy during compression according to an equation of the form of (15). The 
situation is similar to that described by Permi in his second theory, where 
all collisions are of a « head-on »type. The condensation process causes cosmic 
rays to be reflected by an inward moving boundary, provided the cosmic rays 
are confined for an appreciable time within the condensation by a magnetic 
held. The gain rate oc is of the order of the velocity of compression U, divided 
by the scale of tlie condensation, Ull~^. Hence oc is just of order H. If we 
regard the expansion of the universe as providing the equivalent of Fermi’s 
loss rate, then the constant /5is also of order JI, and the ratio /3/a•--'I. Hence 
the required spectrum is obtained from i*ather cogent general considerations. 
The problem of injection remains, however, and is not so easily dealt with. 
The possibility of a universal injection process of an adequate strength turns 
on the existence of suitable plasma oscillations in the hot intergalactic gas. 


8. ~ Cosmic rays of solar origin. 

A crucial difference arises between cosmieal and terrestrial electrodynamics, 
because eharaeteristic decay times, given by oL^Jc^ {cf the conductivity, L the 
characteristic linear scale), are in general very long in the former and very short 
in the latter. Indeed, for most purposes in cosmieal electrodynamics we can 
regard cZ^\g'^ as so large as to he effectively infinite, and oLVo^ infinite implies, 
that the ionized material and the lines of magnetic force are frozen together. 
Thus if the matter is moved by some non electromagnetic agency the lines- 
of force will follow the motion. This permits the fi.eld lines to be distorted 
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and twisted into complex patterns that cannot be realised on the Earth. It 
also permits efficient storage of energy in the field, since in many cases the 
distortion and twisting leads to an increase in the integral of An important 
feature of this process is that storage can take place in a volume F as a con¬ 
sequence of the motion of material outside V. Suppose a longitudinal field 
passes through two dense patches of gas, one of which is rotating about an axis 
parallel to the field. The magnetic lines of force are held by the non-rotating 
patch, while they are turned by the rotating patch. This leads to a twisting 
of the field in the region between the patches. Electric currents must flow 
in the region between the patches in order to represent this twisting in ac¬ 
cordance with curl 11= 4,7tjlc,'bvLt since the conductivity is essentially inde¬ 
pendent of density only very little material need exist in the intermediate 
region in order to provide for the current flow. The magnetic fields transmits 
a stress from one patch to the other, tending to transmit angular rotation. 
However, provided the patches are sufficiently dense, the magnetic stress will 
not equalize the rotations over a limited time scale. (Some such twisting 
effect almost certainly occurs in the solar atmosphere. Magnetic loops may 
extend high into the corona—^in some cases loops may indeed emerge into 
interplanetary space. Such loops become twisted in the region of the corona 
and chromosphere due to the dense photospheric material rotating at the 
roots [6]). This is a particular case of the general proposition mentioned above, 
that the magnetic energy can be increased in a spatial region due to mass 
motion outside the region. It is possible to build comparatively large magnetic 
energies in regions where the mass density is small. Hence if some way can 
be found of discharging the accumulated magnetic energy, the small quan¬ 
tity of material in the region receives a large amount of energy per unit mass. 
This is precisely the requirement for the generation of high-speed particles. 
It is important to notice that any such discharge process cannot be one that 
is easily set up, otherwise the magnetic energy would never have been stored 
in the first place. Eor this reason the discharge process, if it occurs—and the 
case of the solar flare encourages us to suppose that it does—is likely to be a 
somewhat unusual one. It need occasion no particular surprise therefore that 
this aspect of cosmical electrodynamics is still in a very incomplete state and 
that speculations on the nature of discharges are still tentative. 

The simplest attack on the discharge problem is to accept the decay time 
cri^/o^ and to argue that under rare conditions L can become very small. 
It is possible to flind conditions [6] under which two district electromagnetic 
structures become aligned with the magnetic directions antiparallel. A sur¬ 
face must then exist between them on which H = 0. Such an arrangement 
is electrqmagnetically attractive (the opposite case, of magnetic directions 
parallel, is repulsive). Hence the structures press together. Mutual anni¬ 
hilation can only be prevented by a layer of gas between the structures in 
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which, a gas pressure comparable to the magnetic pressure is deTeloped. For 
mainly unionized hydrogen of particle density n within the layer this requires 

(22) E^c^STtnhT, 

where k is the Boltzmann constant and T is the temperature. Write n for 
the density of the uncompressed gas. ProTided considerable degree 

of compression is necessary to produce the required layer density n. The layer 
must then be thin compared to the general dimension X>, say, of the electro¬ 
magnetic structures themselves. 

To be more precise than we have been so far, the total rate of ohmic dis¬ 
sipation for a layer of width 2 L is ^ c^H^{ 87 z^aL), and the electric field com¬ 
ponent parallel to the layer, necessary to maintain the current, is cHjAncxL. 
Charged particles in the sheet H = 0 are accelerated by this electric field. 
While such particles may well leave the sheet, curvature of their paths in 
tlie increasing magnetic field as they go away from the sheet always operates 
to bring them back to the sheet. For a field symmetrically distributed about 
H — 0 the particles oscillate from one side of the sheet to the other, along a 
path that discharges continuously in the electric field. Hence if the particles 
are not ax)preciably deflected by collisions with other particles, and if their 
Larinor radii do not apj)reciably exceed L (in which case they spend most of 
the time in regions outside the layer where the electric field is much lower than 
it is inside the layer) there will be a continuous gain of energy up to a value 
of order 

(23) ecHDIi^maL. 

The condition that the accelerating particles are not appreciably deflected 
by collisions with other particles is a serious one that will be examined below. 
The condition on the Larmor radius limits the particle energies. Thus for 
protons we require 

(24) E < 310-’’HL , 

where E is the rigidity in GeV, H is in gauss, and X is in cm. We shall be 
concerned with cases where J? 10® G, Xn^lO^cm, in which case E<.r^ 
-—300 MeV. Btrictly acceleration is not entirely absent at high values of B, 
the efhciency is reduced. Acceleration up to or even higher are 

not therefore prohibited, although (24) suggests that the majority of accel¬ 
erated particles will have rigidities of a few hundred million volts, as indeed 
the solar cosmic rays mainly have. A further consistency is that insertion 
of ic=i l0®cm, Xc=il0»cm, in (23) gives an energy 

•<--^100 MeV, which corresponds closely to the rigidity 300 MeV, given by (24). 
The following discussion establishes that L can be of order 10® cm and 



316 


F. HOYLE 


considers tlie condition under which collisions of an accelerating particle with 
other particles can be neglected. We consider first the value to be associated 
with L. We note that the gas in the layer will tend to be squeezed out of the 
layer by excess pressure. It will also tend to slide under gravity. The out¬ 
flow from, the layer takes place not over its two main faces which have areas 
but over its rim with area r-^2ZD. Writing V for the outflow velocity, 
the rate of loss of material from the layer is r-^2nLI)V. A quasi-equilibrium 
is maintained, however, through material added at the main faces. This takes 
place at a rate '^nJD^v, where v is the electromagnetic drift velocity given 
by V i=:i c^j2cr7iL. Equating the rates of gain and loss gives 


(25) 


= 


nc^Z 
4:7canV * 


The velocity Y will in general be of order 10® cm S“^ in the chromosphere 
of the sun. This is of the order of the speed of sound, with which gas may 
be expected to stream xmder excess pressure. It is also of the order of the 
speed of a slide under gravity. 

For n we may reasonably take 3 • 10^^ atom cm-® for the regions in which 
flares occurs. With J!)c=;10®cm, 10“® cm-® s, we. have In¬ 

serting if c=i 10® G, Tc:il0®®K in (22) gives w c::i3’10^® atom cm~®. Hence L 
is actually less than 10® cm. Indeed our formulae give Jy 3 *10® cm. With 
so small a value, (23) gives acceleration to a rigidity of '--'1 GeV, which is 
comfortably near the general upper limit of energy of the majority of solar 
cosmic rays. It is true that (24) suggests that particles of this energy will 
tend to pursue orbits that take them somewhat outside the layer for most 
of the time. But this will not he true for aU particles, although it may be true 
for most of them. 

Other quantities are also of the required order of magnitude. So far, we 
have simply considered a general dimension Z for the electromagnetic struc¬ 
tures. In the flare case a reasonable structure might be a' tube of radius 
'--'3-10® cm and length ^10“ cm, with total volume '-^3-10®’' cm®. The total 
magnetic energy for H G is 10®® erg. The time scale of dissipation, 
for two tubes pressed together (with common generators) is 3 *10®/!), where v 
is the electromagnetic drift velocity given above as c®/23T(ric=i 10® cm S”^. Thus 
the dissipation time scale 3 • 10® s — about 1 hour, which is a reasonable 
estimate for a strong flare. 

Before proceeding to the collision problem it is necessary to consider an 
issue that nught vitiate the above calculation. If T were to rise appreciably 
above 10* “K, it would no longer be correct to set o'c:;10i®s-b since aocT^ 
and a value or = 10i®s-i refers to T somewhat below 10* °K. Writing co for 
the fraction of the hydrogen within the layer that is ionized we note that the 
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rate of radiation by tbe hydrogen in the layer erg cm-^ s-i in the 

Balmer continuum. We take the layer to the optically thin to this radiation 
—^for if it were not the radiation rate would approach the thermodynamic 
value, which would be greater still. Thus the radiation rate per unit area of 
the layer If this rate is adequate to radiate away the heat 

released per unit time by the ohmic losses, which ^ per unit area, 

without X needing to become of order unity, then we can regard T as not 
exceeding 10«°K (since x rises to order unity as T increases above 10* °K). 
Equating the radiation rate to the ohmic loss rate gives 


<26) 


nx 




ionized atom cm-®. 


With jff c=L 10® G, L 10® cm, 10* cm s~^, nc:±3 -lO*® atom cm-®, (26) 

gives a?ci 0 . 1 , and the required condition is satisfied by a safe margin. 

It is also satisfactory that c®£rV8jr®o'-Dc:i3*10® erg cm-® s-^ for the radia¬ 
tion rate per unit area of the layer. This again is a reasonable value for a 
strong flare. 

Turning now to the collision problem, the mean-free-path for protons is 
determined essentially by collisions with other protons. The mean-free-path 
for electrons is less than that for protons since electrons are deflected both 
in collisions with other electrons and also in collisions with protons, whereas 
electron-proton collisions do not produce much deflection of the protons. For 
this reason, electrons are less likely to be accelerated than protons. 

A proton of energy rj has a free path rj^li^ne^nxlog A), where logyl is a 
slowly varying quantity that takes a value ^5 in circumstances relevant to 
solar flares. The condition for a proton to discharge continuously in an electric 
field is 


(27) <?(^^®/(27re*n£i3logyl)>'77 . 

Considering the limiting case given by the equality sign, inserting (26) for the 
product nx, and setting ^ cricMj^TtaL, gives 

(28) 77 5 • 10 *®e®(T* log A . 

With log A ~ 5, we hence have kT. The conclusion therefore is that 

protons with energy above 5 kV discharge continuously, attaining eventual 
energies upward of 100 MeV. Protons with energies below 6 kY do not dis¬ 
charge, being prevented from doing so by collisions with other protons. 

The final question remaining for consideration is how protons with initial 
energies in excess of 5 kV can arise in the layer. Although only a very small 
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fraction of the particles of the layer need be accelerated to high energy, this 
small fraction cannot immediately be supplied by the high-energy tail of the 
Maxwell distribution. It can be shown that not more than about 1 proton 
in —10needs to be in the process of acceleration at any particular moment 
—otherwise the electric current arising from the accelerated particles would 
alone become greater than cHI4:7t, in which case a back electric field would 
reduce value of below cSj4:naL —^whereas 6xp[— rjjhT^ for »7c=:5kV, 
TcTcr^XY, is clearly very much less than this. 

At first sight the injection of protons might therefore appear to raise a 
difficult problem. It is unrealistic, however, to suppose that the layer remains 
everywhere of the same thickness. Irregularities may be expected to develop, 
L being larger in some places than in others. Again, at first sight, this does 
not seem of help in the problem, since (28) is independent of L. The result 
(28) was derived from (27) by using the value (26) for nx, however, and the 
value (26) for nx depended upon a steady-state in which the radiation rate 
equalled the ohmic dissipation rate. If L were to decrease very quickly at a 
particular place on the layer, so quickly that a lag in the ionization level oc¬ 
curred, then £" would increase in (27) while x would remain constant. The 
limiting value of ri would then be decreased proportionately to L. 

It remains to show that such a lag in the ionisation rate can occur. The 
total mass of hydrogen per unit area of the layer is of order 10~^*nL g cm~®. 
The amount of energy required to ionise a fraction x of this hydrogen is 
\0-'^^nxL erg cm~ 2 . The ohmic dissipation rate per unit area. If 

the whole of the energy released by ohmic dissipation were taken up in ioniz¬ 
ing hydrogen, the time required to change a? appreciably would be 
'UxaL^jo^H^. With nx given by (26) this is LjJEL — which 

can be compared with the time reqrdred for irregularities to develop in the 
layer. The latter time scale we expect to be of order LjV, V being the 
streaming velocity in the layer. With JET of 10® G, 10® cm s~^, the ioniza¬ 
tion time scale is ^^—10 times longer than the time scale for development of 
the irregularities. Since both time scales decrease linearly with L it appears 
that the layer thickness could decrease locally and momentarily to a very 
small value, in which case particles would be accelerated locally above the 
required threshold. Such particles continue to be accelerated on entering 
regions of the layer where L takes its normal value. 

It is emphasized that L cannot remain for very long at a small value. 
Eventually x must rise to a value of order unity. This implies a rise of T, 
leading to an increase of cr, and hence an increase of L in accordance with (25). 
For this reason L can only decrease momentarily to a value close to zero. 

Given sufficient injection of particles above the threshold, the current 
carried by the accelerated particles rises to a value cHj4b7t. At this stage 
a back electric field prevents the acceleration from continuing at its former 
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rate. This is achieYed through a reduction of S' and through a consequent 
increase in the acceleration threshold. The situation is that magnetic energy 
is then converted with high efficiency into cosmic rays. The reduction of S 
causes the normal ohmic heating to decrease, so that the emission of radiation 
from the layer is decreased. Cosmic rays are produced at the exprense of ra¬ 
diation, which falls below the value 3 • 10* erg cm-®cs-i estimated above. 

It is remarkable that the determination of the acceleration threshold from 
(28) does not involve H, L, D, or n. Apart from small changes in the factor 
log A, the acceleration condition would be exactly the same for a magnetic 
reservoir of galactic dimensions provided T remained of order 10* This 
strongly encourages the belief that flare discharges might occur over much 
greater dimensions than those of the Sun. 
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The U. S. Program for Particles 
and Fields Measurements in Space. 

G. H. Ltjdwig 

National Aeronautics and Space Administration 


1. - Introduction. 

During the past several years, the TTnited States has been heavily involved, 
in a program of investigation of space phenomena by the use of earth satel¬ 
lites and deep space probes. The success of this program thus far is indicated 
by the number and the significance of the discoveries made during this period. 
This space science program is to a considerable extent an outgrowth of the 
program for investigating the upper atmosphere by the use of rockets and 
balloon-borne instrumentation. The possibility of the use of rockets for upper 
air research was recognized as early as 1919, by Dr. DiOBBRT H. G-oddard 
when he published his paper entitled Method of Beaching Extreme Altdtude 
Plans were made early in 1932 for the use of Goddard’s rockets during the 
Second Polar Year to lift small payloads of instruments to heights of up to 
fifty miles. But these hopeful schemes were interrupted by the economic de¬ 
pression. It was not until soon after the Second World War that rockets were 
actually used for such research. In October 1946, a small liquid-fueled research 
rocket known as the WAC-Corporal was fired to an altitude of 66.6 km with 
a 10 kg payload. Soon after this, on 16 April 1946, the first captured German 
V-2 was launched at the White Sands Proving Ground with one of Dr. James 
A. Yan Alubn’s Geiger-MuILer counters in the nose section to measure the 
intensity of Cosmic rays above the dense atmosphere. By January 1958, 
68 Y-2’s, 63 Aerobees, and 7 Yiking rockets had been fired into the high atmos¬ 
phere. The rocket program continued to accelerate rapidly, and plans were 
made to include a large number of rocket launchings in the IJ.S. International 
Geophysical Year program. Concurrent with the development of these rockets 
and rocket techniques was the development of the miniaturized and highly 
rugged instrumentation needed for the performance of useful experiments. This 



THE TJ.S. PROGRAM POR PARTICLES AND FIELDS MEASUREMENTS IN SPACE 321 

instrumentation was developed to the point where, in 1954, moderately complex 
Oeiger-Muller counter arrays and scintillation detector systems were being 
carried in rockets having payload capabilities of only 5 to 10 kg. This work 
led directly to the development of the first highly complex transistor instru¬ 
mentation which was developed during the years 1956-1957 for use in the 
early TJ.S. satellites. 

Following the successful launchings of the first TJ.S. spacecfraft—Explo¬ 
rers I, III and IV, and Vanguard I—the need for an integrated national pro¬ 
gram for conducting space research was obvious, and the National Aeronautics 
and Space Administration (NASA) was established to formulate and carry 
out this task. A recent revision of the original act defines the mission of NASA 
in more detail. 

« The administration, in order to carry out the purpose of this act shall 

1) formulate specific national objectives in space and, in the light of 
such objectives, develop a comprehensive program for the exploration, inves¬ 
tigation, and utilization of space for peaceful purposes; 

2) conduct research into problems of flight within and outside the earth’s 
atmosphere with the view to their practical solution, including research in 
the field of aeronautics necessary to the continued advancement of both 
civilian and military aviation; 

3) conduct such activities as may be required for the exploration, scien¬ 
tific investigation, and utilization of space for peaceful purposes, and develop 
space vehicles for use in such activities; 

4) arrange for particijDation by the scientific community in planning 
scientific measurements and observations to be made through use of aero¬ 
nautical and space vehicles, and conduct or arrange for the conduct of such 
measurements and observations and; 

5) provide for the widest practicable and appropriate dissimination of 
information concerning the activities and the results thereof. » 

Based on these general policies and objectives, the specific objectives of 
the NASA program are threefold (*): 

1) To produce scientific data on the space environment, the sun, earth 
and planet, and the galaxy, using unmanned spacecraft equipped with instru¬ 
mentation and telemetry ■ to relay data to the ground. This information is 
essential to all utilization of space and to an understanding of the physical 
universe and its relation to man. 


(*) See the proceedings of the NASA-Industry Program Plans Conference, July 2S-29 
(1960). 


21 - lienaiconti S.T.F. - XIX. 
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2) To study early applications of earth satellites to meteorological re¬ 
search and weather forcasting, long-distance wideband radio communication, 
navigation, and similar tasks. 

3) Explore the problems connected with the travel of man in space, 
at first in orbital flight around the earth for short periods, later in flights to 
the moon, and still later to planets and the outer reaches of the solar system. 
The pace of manned exploration will be determined largely by the results 
obtained in the early orbital flights. 

2. - Accomplishments of the first years. 

With these objectives in mind, it is interesting to review the accomplish¬ 
ments of the first few years of the TJ.S. program. By 23 May 1961, nine 
Explorer satellites, four Pioneer planetary probes, and three Vanguard satel¬ 
lites had been successfully launched as a part of the U.8. space science program. 
Two Tiros satellites, and an Echo satellite have been launched as a part of 
the earth satellite applications program to fulfil the objectives listed in 2) im¬ 
mediately above. And the Ereedom 7 Project Mercury capsule has been 
launched on a ballistic- trajectory as one of the first steps in the program out¬ 
lined in 3) above. These satellites and deep space probes have already pro¬ 
vided a large amount of information about the space environment. Of the 
satellites launched thus far for the purpose of conducting space science 
experiments, many of them have been designed primarily for investigating 
energetic particles and magnetic fields in space. Of those instrumented for 
other purposes. Vanguard I was intended primarily to study the shape of the 
earth, and Vanguard II was instrumented for the investigation of the cloud 
cover over the surface of the earth. Explorers VIII and IX were developed 
to investigate the ionosphere, the density of the upper atmosphere, and pas¬ 
sive co m m u nication techniques. Although the results obtained from the ap¬ 
plications and manned satellite programs and the satellites carrying other than 
energetic particle and magnetic field experiments are interesting, they will 
not be discussed fmther in this paper. 

Explorers I and III were launched on 1 February 1958 and 26 March 1958 
respectively. Each of these satellites contained a single Geiger-Muller counter 
having a geometric factor of approximately 17 cm^. This counter can be seen 
in the mid-section of the photograph of Explorer I shown in Eig. 1. In this 
satellite, the G-eiger-Muller tube counting rate was telemetered directly to the 
grormd receiving stations. In Explorer III, in addition to being telemetered 
directly, the counting rate was also stored by a small tape recorder in the 
satellite and delivered to the ground receiving stations on command at the 
completion of each orbit. These two satellites discovered the existance of the 
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very higli intensity geomagnetically trapped radiation now known as the Van. 
Allen radiation. They provided the first rather crude survey of the spatial 
extent in this region of radiation [2]. Immediately following the discovery of 
this region of intense corpuscular flux, another satellite was prepared speci¬ 
fically for the purpose of further defining its characteristics. This satellite, 
known as Explorer IV, was launched on 26 July 1958. It provided: a more 
complete survey of the spatial distribution of the radiation at radial distances 
up to 2 220 km and between latitudes of ±51° geographic; a measure of the 
radiation intensity by detectors having several different characteristics and 
under various amounts of absorber, thus providing several points on the par¬ 
ticle integral energy spectrum curve at a large number of positions; a rough 
indication of the angular distribution of the trapped particles; and important 
information about the trapping mechanism obtained as a result of the arti¬ 
ficial electron shells created by project AEG-TJS [3-7]. 

The experiments described above were carried in satellites having apogee 
heights of less than 2 500 km. As a result, the configuration of the more 
distant regions of the belt structure was not known. The existence of two 
separate belts had not been unambiguously indicated by the low altitude data, 
although its possibility was realized. The importance of extending the survey 
to a greater radial distance was obvious. As a result, radiation detectors were 
prepared for Pioneers I, II, III and IV. The Prioneer II launch attempt was 
unsuccessful. Pioneers 1 and III traveled to distances of about 100 000 km, 
and the data obtained from these two spacecraft during their traversals of the 
radiation belt structure gave us our first information about the radial ex¬ 
tent [8-10]. Pioneer I, launched on 11 October 1958, indicated that the high, 
intensity radiation was confined to the region near the earth [11]. It did not, 
however, show the existance of the two distinct belts owing to gaps in tele¬ 
metry recovery. Pioneer III, launched on 6 December 1958, made two cuts 
through the trapping region and clearly revealed the existence of the two great 
belts. Pioneer IV, launched on 3 March 1959 into a solar orbit, further con¬ 
firmed the findings of Pioneer III and, by comparison of the data of Pioneer IV 
with that of Pioneer III, showed that the intensity of the outer belt was variable 
and apparently related to solar activity, thus indicating the high probability 
of the solar origin of the particles responsible for the outer belt. The two G-.M. 
tubes can be seen protruding from the top of the Pioneer IV payload shown 
in Fig. 2. 

Explorer VI, launched 7 August 1969, contained a proportional counter 
array, a Geiger-Miiller counter, an ionization chamber, a scintillation detector, 
and a simple one-axis magnetometer. The data received from this satellite 
indicated the existence of a torroidal current ring located in the region from 
5 to 7 earth radii. They also indicated that the magnetic field in space ex¬ 
periences widespread disturbances during the times of at least some mag- 
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Fig. 2. - Pioneer IV. The two G.M. counters are located in the two outside vertical 

cylinders located on the top of the payload. 


radiation intensity as observed by a given detector. In addition, the data 
showed the radial motion of the peak intensity in the outer belt at these 
times [12-17]. 

Explorer VII, (see Pig. 3) launched 13 October 1959 into a nearly circular 
orbit around the earth, and Pioneer V (see Pig. 4), launched 11 March I960, 
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into a solar orbit, operated concurrently so that information was obtained at 
large radial distances at the same time that the intensity at the lower edges 

of the radiation belt structure 



was being monitored. Explorer 
YII carried two G.M. counters, 
one relatively unshielded and the 
other shielded by about 1.6 g cm-® 
of material. Pioneer V carried a 
proportional counter array, a 
G.M. counter, an ionization cham¬ 
ber, and a search coil magneto¬ 
meter similar to the Explorer VI 
instruments. Data from these t-wo 
spacecraft provided a great a- 
moimt of new information [18-29]. 
They indicated that the Eorbush 
decrease is widespread, showing 
approximately the same decrease 
at 6*10® km from the earth as 


near the earth’s surface. Solar 
protons were detected on both Pioneer V and Explorer VII following the 
flare of 1 April 1960. The correlation of the Pioneer V and Explorer VII 
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data indicate that the energetic electrons haring energies greater than 30 ke v 
which are observed in the outer belt following that solar disturbance must 


have been locally accelerated, since 
having that energy range was 
not detected passing the position 
of Pioneer V preceeding the en¬ 
hancement of the outer belt in¬ 
tensity. Pioneer V, in addition, 
measured the intergalactic mag¬ 
netic field. The value varied 
from 2.7 y during quiet periods 
to a maximum of 40 y during 
magnetically disturbed periods 
(one y equals 10-® G). The coun¬ 
ters in Explorer YII operated 
until March 1961, providing a 
large amount of information about 
ther adiation intensity in the low¬ 
er fringes of the belt structure. 
They have indicated the high 
stability of the inner belt and 
have revealed many interesting 
spatial and temporal structimal 
features of the outer belt. The 
ground observation of a red au¬ 
roral arc (6 300 A) immediately 
below the region of the outer belt 
peak intensity as detcn'iniiied by 
Explorer VII following the solar 
event on 28 November 1959 in¬ 
dicated that particles being dum¬ 
ped from the outer belt are pro¬ 
bably responsible for at least a 
portion of the auroral activity. 

The Vanguard III satellite 
launched on 18 September 1959 
carried a proton precession ma¬ 
gnetometer (shown on the top of 


a sufficiently large integrated particle flux 



Fig. 5. - Cutaway view of Vanguard III. 


the boom in Fig. 5) which measured the magnitude of the earth’s magnetic 
field throughout the orbit, which extended from 610 to 3 700 km in range, 


and from north 33° to south 33° in latitude. The data obtained from this 
flight are still being analysed and are expected to result in an accurate 
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mapping of the earth’s magnetic field and in the production of a set of 1959 
■values for the 48 coefficients in the six term expansion of the earth’s magnetic 
field. The data indicate that the earth’s magnetic field at small radial distan¬ 
ces is highly stable, 

The next addition to the family of Explorer satellites which contained 
magnetic field and energetic particle experiments was Explorer X, launched 
on 25 March 1961. This spacecraft, shown in Eig. 6, carried an alkali vapor 



Fig. e. - Cutaway view of Explorer X. 


maser magnetometer, two flux-gate magnetometers, and a proton plasma probe 
covering the energy range from below 5 to 2 300 eV, to a radial distance of 
about 260 000 km. These instruments indicated that the magnitude of the 
interplanetary magnetic field varied between 6 and 40 y. Very little plasma 
was detected during the periods when the magnetic field was high at times 
prior to the sudden commencement which occurred near apogee. More infor¬ 
mation about both the magnetic field and the plasma is expected following 
the more complete analysis of the data. 

Explorer XI was launched on 27 April 1961 to study the y-rays. It carried 
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a complex y-ray telescope employing scintillation, and Cerenkov detectors in 
an array designed to discriminate against charged particles and neutrons. The 
data are now being reduced, and the results of the experiment should be avail¬ 
able in several months. 


In addition to the satellites and space probes discussed above, a number 
of sounding rockets have been fired. Some of the most recent firings include 
a series of Solar Beam Experiments flown from Port Oliurchill during the 
September and November 1960 solar events, and a rocket flown into the lower 
edge of the inner belt from the Pacific Missile Range in California. These 
recoverable vehicles carried nuclear emulsions for the study of the Z and energy 
spectra and the fluxes of the electrons and protons. They have indicated that 
the i)roton energy spectrum on the inner edge of the inner belt has a slope 
which is dependent on the latitude [30], and have measured the energy and 
Z spectra of solar protons arriving at Port Churchill following the solar flares 
of 3 8eptember-12 hfoveniber 1960 [31]. 


3. - Future energetic particle and magnetic-field investigations. 

The term «Energetic Chai'ged Particles % ctan be divided into four ma-jor 
groujiings. The primary cosmic rays arise from accieleration mechanisms lociited 
outside the solar system but are modulated both in spectrum and intensity 
by solar system electrodynamics. Their study in the past has been primarily 
by means of high altitude rockets and balloons and on tlie earth’s surface 
where atmospheric effects and vaii'iations in the earth’s magnetic field due to 
ring currents and solar plasma have caused additional modulations. The use 
of satellites and space probes for the investigation of these particles permits 
the elimination of these local modulations so tliat the characteristics of the 
primary particles and of the solar system-induced variations may be studied 
more quantitatively. 

The second major grouping consists of the energetic solar particles which 
are accelerated in or near the sun on the occasion of major solar flares. The 
relative abundance of the elements in these streams of particles is approx¬ 
imately the same as the relative abundance of elements on the sun. In addition 
to the nucleons, electrons and photons are also released during these flares. 
These streams of charged particles carry along their own magnetic*, fields which, 
upon approaching the earth, cause modulations of the particle fluxes reaching 
the earth from all external sources and of the structures of the trapped 
radiation belts. 

The third major category is the continuously emitted low energy solar 
plasma, referred to as the « solar wind». This plasma copsists of particles 
having both positive and negative charges. It produces a charged particle 
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density in the region of the earth which is appreciably greater than that in 
interstellar space, and, due to its general motion outward from the sun, pro¬ 
duces some distortion of the distant geomagnetic field and a resultant modu¬ 
lation of particles reaching the earth from outside the earth system. 

The fourth major grouping is the reservoir of charged particles existing 
in geomagnetically trapped orbits near the earth and near at least some of the 
other planets. It appears at this time most- probable that the electrons and 
protons existing within the earth’s inner radiation belt result primarily from 
the decay of neutrons produced by cosmic ray interactions in the high atmos¬ 
phere. Most of the particles in the outer belt most likely have their origin at 
the sun although it is probable that some local acceleration mechanism acts 
to inject the particles into their trapped paths and to produce the energy spectra 
observed. 

From the above very brief introductory remarks, it is clear that a whole 
major field of investigation has explosively expanded during the last three 
years as a result of the availability of vehicles capable of carrying detectors 
into space. This field is actually a mixture of physics and astrophysics, and 
is directed toward the investigation of the basic questions of particle acce¬ 
leration, the generation of magnetic fields in the stars, planets, and in galactic- 
space, and the study of the motions of matter and magnetic fields in space. 
It is expected that the ultimate outcome of this line of investigation will be 
a better understanding of a large number of broad cosmological questions such 
as the development and dynamics of galaxies, the distribution of matter in 
the galaxies, the origin of the high energy cosmic rays, and the physics of 
stars and planets. 

In order to gain this broad understanding, at least some of the following 
more specific investigations will need to be conducted by experiments in 
satellites and space probes in the future. 

A) Galactic cosmic rays. In order to gain an understanding of the origin 
of cosmic rays and the acceleration mechanisms acting on them, it will be 
necessary to study: 

1) the cosmic ray charge spectrum including, perhaps, the relative 
abundances of the various isotopes, 

2) the energy spectra of the constituents, 

3) the presence of and the energy spectra of high energy electrons, 
anti-matter, and other particles, and photons, 

4) cosmic ray variations and the relationships between these varia¬ 
tions and other events in the solar system, 

5) the directional characteristics of the cosmic radiation. 
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It is also expected that the cosmic ray flux will continue to be used as a 
source of high energy particles for the study of high energy nuclear interactions 
and nuclear forces, and in the search for new particles. 

B) Energetic solar flare 'particles. In order to study the production of 
the energetic solar particles and the magnetic fields which are intimately asso¬ 
ciated with their production near the sun, and to study the effects of these 
solar particles on the geomagnetic field and the earth’s atmosphere, it will 
he necessary to continue investigation of: 

1) the relationships between the relative abundances of the various 
•elements in the solar particle stream and in the sun itself, 

2) the particle fluxes as a function of time, 

3) the energy spectra of the various constituents, and 

4) correlations between the production of energetic solar particles and 
other phenomena such as visable flares, coronal streamers, solar radio noise, 
arrival of energetic solar particles near the earth, geomagnetic disturbances, 
variations in the structure of the radiation belts, and aurorae near the earth. 

It should be noted, however, that it will not be possible to press vigorously 
investigation of these particles during the next three to six years, since we are 
approaching sunspot minimum and these events can be expected to be rare. 

G) Solar plasma. To give insight into the physical processes occurring 
in the sun, to study certain modulations of the primary cosmic ray flux, and 
to determine the nature of some features of the geomagnetic activity, it will 
be necessary to investigate the low energy plasma emanating from the sun. 
The following investigations will be necessary: 

1) determination of the fluxes and energy spectra of all components 
•of the solar plasma, 

2) study of the variations of the solar plasma at various positions in 
the solar system and at various times, 

3) correlations with other solar and geophysical phenomena. 

D) The trap-ped radiation. In order to gain a complete understanding 
■of the source and loss mechanism acting on particles in the trapping regions, 
it will be necessary to gain a much more comprehensive understanding of: 

1) the energy spectra of the various constituents of the inner radia¬ 
tion belt as a function of position, 

2) the temporal characteristics of the inner belt, 
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3) the energy spectra of the constituents of the outer belt, with espe¬ 
cial emphasis on continuation of the investigations to much lower energies, 

4) the angular distributions of the various constituents of the outer 
belt as a function of position along the trapping lines, 

5) the morphology of events following solar flares and their relation¬ 
ships to other solar activity and geophysical phenomena. 


4. - The launching vehicles. 

In order to understand more completely the capabilities and shortcomings 
of the spacecraft now being used and planned for the immediate future, it is 
necessary to review briefly the capabilities of the vehicles which will be used 
to place them in their orbits. In the vehicle program, and in the spacecraft 
program too, as will be evident later, several guiding principles apply: 

1) The hr AS A space science program is a civilian program and, there¬ 
fore, may differ somewhat in approach from the one that is based on military 
requirements. It is hTASA’s responsibility to obtain the greatest possible 



rig. 7. - The U. S. spacecraft launch vehicles. 1) Vanguard; 2) Juno II; 3) Scout;: 
4) Thor-Able; 5) Delta; 6) Thor-Agena B; 7) Redstone; 8) Atlas; 9) Atlas-Able;. 
10) Atlas-Agena B; 11) Centaur; 12) Saturn C-1; 13) Nova. 
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return from its investment in terms of the obtaining of new scientific 
knowledge. This implies, for example, that back-up vehicles may not always 
be available in case of launch failures, since failure of a single spacecraft 
program is not catastrophic to the extent that the remaining space program 
will be held up appreciably by that failure, or that our national security is 
in jeopardy. On the other hand, 

2) it is essential that NASA establish a high degree of reliability in the 
vehicle and spacecraft systems, since failure of one mission represents a loss 
of a significant fraction of the yearly effort. The NASA philosphy for obtaining 
liigh reliability can be stated as follows: Reduce to a minimum, the number of 
■different types of vehicles, spacecraft, and components that are developed, and 
thereby increase the frequency with which those that remain are used. NASA ex¬ 
pects eventually to have available a fleet of standard vehicles and spacecraft 
whose reliability will more than offset the disadvantage of using vehicles and 
spacecraft on specific missions for which they may not be optimum. 

Figure 7 shows the vehicles which have been used in the past or will be 
used in the future. Table I lists all spacecraft, both NASA and Department 
of Defense, which have been successfully launched by them, and indicates 
which vehicles will be used in the future for major programs now in process. 



1 2 3 4 5 6. 

Fig. 8. - The NASA family of launch vehicles. 1) Scout; 2) Thor-Agena B; 3) Atlas; 

4) Atlas-Agena B; 5) Centaur; 6) Saturn. 



Table I. - Launch vehicle summary. 
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If the philosophy of mimmum variety is to he followed, then the number of 
different types of vehicles should be reduced. This, indeed, is the trend in 
the long-range program. Many of the vehicles shown are interim vehicles, 
chosen simply because they were most easily available. They have given good 
service, but will be phased out in favour of a set of five or six vehicles which 
will provide an adequate variety of payload capability. 

Figure 8 shows the vehicles which HASA plans to retain in its vehicle 
program for the near future. The characteristics of these vehicles are as 
follows (*) (**). 

Scout. - The Scout is a four stage, solid propellent vehicle (Fig. 9). The 
vehicle development program was initiated in late 1958 and the first successful 



Fig. 9. - The Scout launch vehicle. 1) Ca¬ 
stor second-stage motor; 2) Altair fourth- 
stage motor; 3) Payload; 4) Nose cone 
assembly; 5) G-uidance package; 6) Antares 
third-stage motor; 7) Propellent; 8) Algol 
first-stage motor. 


(*) Obtained from NASA-Industry Program Plans Conference, July 28-29 (1960). 

(*•) Note added in proof. - The delta vehicle has been added to the faimly of per¬ 
manent vehicles. 
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launcMng of the complete vehicle occurred on 16 Pebruary 1961, when a 3.7 m 
diameter balloon satellite (Explorer IX) was orbited. The vehicle is expected 
to have a multiplicity of uses. As much as 10 kg can be placed into a 550 km 
circular orbit above the earth; vertical probes carrying useful payloads to 
heights as great as 7 500 km can be launched. In addition, the Scout can 
be used for testing, within the atmosphere, very high speed air frame designs 
and re-entry bodies. The capability will exist for launching the Scout vehicle 
from both the Atlantic and the Pacific Missile Ranges as well as from Wallops 
Island, Virginia. One of the principal merits of the Scout is its relatively low 
cost. The cost of a production vehicle plus the cost of the launching operation 
may be less than one million dollars. 

Thor-Agena B. - The Thor-Agena B, as the name implies, consists of a Thor 
intermediate range ballistic missile (IRBM) first stage and an Agena B second 



Fig. 10. — The Thor-Agena B laiiuch vehicle. 1) Thor lirst-stage; 2) Gruidanoe seetion; 
3) Agena B second-stage; 4) Payload; 5) UDM'M fuel; 0) IRFNA oxydizer; 7) Agena B 

engine; 8) RP-1 fuel; 9) BOX oxydizer. 


stage (ITig. 10). This second stage is an enlarged version of the one that has 
been used successfully in the Air Force Discoverer Program. Because of the 


22 - rtendiconii S . l . F . 
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relatively high vehicle reliability achieved in the Discoverer program, NASA 
elected to employ the Thor-Agena B assuccesser to the previous lEBM-based 
space vehicles such as the Thor-Able, and Juno II. It is planned that the 
Thor-Agena B will be used for launching both scientific and meteorological 
spacecraft. Present plans are that all of these vehicles will be launched at the 
Pacific Missile Bange into highly inclined earth orbits. 

Atlas-Agena B. — The Atlas-Agena B (Pig. 11) uses the same upper stage 
planned for the Thor-Agena B on an Atlas first stage. This vehicle will be 
used in a number of Air Poree programs and the basic design will have under- 



11* The Atlas-Agena B launch vehicle. 1) Atlas; 2) Agena B second-stag©; 
3) Payload; 4) IJDMH fuel; 5) IRPNA oxydizer; 6) LOX oxydizer; 7) RP-1 ftiel. 


gone a number of firings before the first Atlas-Agena B is used for a NASA 
mission. NASA proposes to use the Atlas^-Agena B principally for early lunar 
oration and scientific earth satellites. In time, the Atlas-Agena B may 
be replaced by the Centaur. Present plans are to launch most of the Atlas- 
Agena B vehicles from the Atlantic Missile Bange but a few will be launched 
from the Pacific Missile Bange. 



THE U.S. PROGRAM FOR PARTICLES AND FIELDS MEASUREMENTS IN SPACE 339 


Centaur. — The Centaur vehicle consists of an Atlas first stage and a second 
stage which uses hydrogen and oxygen as propellents (Fig. 12). The high 
energy propellents give the Centaur the greatest capability of any Atlas-based 



Fig. 12. - The Centaur launch vehicle. 1) Atlas first stage; 2) Second stage; 3) Payload; 
4) Guidance package; 5) Liquid hydrogen tank; 6) LOX tank; 7) First stage LOX 

tank; 8) E,P-1 fuel. 


vehicle now programmed. Engineering design of the new engine is complete 
and one of these engines has been operated for more than 30 minutes at full 
thrust. The inertial guidance system for this vehicle has many advanced 
features. A great deal of research, engineering, and developmental testing 
yet remain to he done before the first launching attempt. Centaur will be 
employed for a variety of scientific missions including, for example, lunar and 
planetary exploration and geophysical studies. According to current plans, 
the Centaur vehicles will be launched from the Atlantic Missile Range. 

# 

Saturn. - Three versions of the Saturn vehicle group are being considered, 
namely, configurations C-1, C-2, and C-3. The C-1, with the least payload 
capability but earliest availability, is at present under active development 
(Fig. 13). It consists of a 680000 kg thrust cluster of eight Rocketdyne 
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engines as the booster, a second stage utilizing four 
Pratt and Whitney Centaur engines providing a total 
thrust of 31800 kg, and a third stage which is essen¬ 
tially the existing Centaur hydrogen-oxygen rocket 
modified as required for vehicle and spacecraft attach¬ 
ments. This Centaur engine will have a thrust of ap¬ 
proximately 16 000 kg. 

The C-2 is presently in the planning stages, para¬ 
meter study, and early layout phase. It will utilize 
the same 680 000 kg thrust booster and upper stages 
as the C-1 vehicle but with an additional stage in¬ 
serted between the booster and the C-1 second stage. 
This additional stage of the proposed C-2 vehicle will 
be a completely new development. The engines will 
be 01000 kg thrust hydrogen-oxygen engines. Pour of 


Pig. 13. - The Saturn. 
C-1 launch vehicle. 


Pig. 14. — Drawing showing the Saturn C-2 and its evolution from the; 1) Centaur 

and 2) Saturn C-1 vehicles. 
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these engines will give the stage a thrust of approximately 360 000 kg. 
Figure 14 illustrates the manner in which the earlier vehicles will he 
incorporated into larger, more advanced vehicles, in keeping with the philo¬ 
sophy stated earlier. 

The C-3 configuration, which would be the largest all-chemical version of 
the Saturn, has not gone beyond initial conceptial planning and performance 
calculations. Its development depends mainly on the results of extensive 
studies covering the full spectrum of space flight operations with the C-2 capa¬ 
bility. 

Present plans call for all Saturn C-1 and C-2 launchings to be made from 
the Atlantic Missile Range at Cape Canaveral. 

It can be seen from the above summary that the NASA vehicle program 
includes a spectrum of launcli vehicles from the small and relatively inexpen¬ 
sive Scout to the Saturn. Preliminary planning is underway for the develop¬ 
ment of the even larger Nova vehicle. It is expected that this selection of 
vehicles will be able to launch spacecraft having a wide range of conflgui'ations 
to aceonij^lish a large variety of missions. The small vehicles will be used to 
launch relatively short lead-time payloads for conducting exploratory experi¬ 
ments and for the early investigation of new phenomena. The larger vehicles 
will allow the flight of a large number of related experiments for synoptic 
observations of the various phenomena. 


5. - The spacecraft. 

The philosophy outlined in the above discussion of the launch vehicle 
program applies also to the spacecraft program. The development of a rela¬ 
tively small number of observatory-type spacecraft which can be used over 
and over for performing many different experiments is expected to result in 
a greater reliability than the individual tailoring of the spacecraft for each 
new launching. Tins philosophy applies to the programs for the technological 
utilization of space and for manned space flight, as well as to the unmanned 
scientific^ research program. 

The unmanned scientific program is divided into two major parts; experi¬ 
ments with roc'kets and satellites to investigate the earth and its environment, 
and experiments with space probes to explore the moon, the planets and inter¬ 
planetary space. To accomplish the first part of this program, basic space¬ 
craft systems and experiments are being designed for the Orbiting Solar Ob¬ 
servatory (OSO), tlie Orbiting Geophysical Observatory (OGO) and the Orbiting 
Astronomical Observatory (OAO). It is expected that these observatories wiU 
be launched at regular intervals carrying whatever experiments are ready at 
that time, into orbits which are based on the requirements of the experiments 
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wMch. axe installed. The differences between these observatories are primarily 
differences between the stabilization and orientation systems The Orbiting 
Solar Observatory, as its name implies, is designed to study the sun itself and 



phenomena directly related to the sun (see Fig. 15). Thus, its primary orien¬ 
tation will be toward the sun. This spacecraft is now under construction and 
will weigh about 160 kg when completely equipped with instruments. Basi- 
cally, it consists of a flywheel-like section with attached arms which is spun 
to produce a large moment of inertia for gyroscopic rigidity, and a solar oriented 
section' which contains the sensors and solar battery. A compressed gas jet 
system will keep the spin axis directed normal to the spacecraft-sun line, and 
a motor wall produce a torque to maintain the rotation of the oriented section 
relative to the flywheel section. It is expected that orientation relative to the 
sun will be maintained with an accuracy better than a few minutes of arc. 
The first OSO launch is expected this year. One of the primary instruments 
in this spacecraft will be an ultra-violet spectrometer. 

Figure 16 is an artist’s conception of the Orbiting Astronomical Observatory 
which is expected to weigh about 1600 kg. The length of the central body 
will be about 3 m. This spacecraft will have a highly precise inertial stabi¬ 
lization and orientation system which will permit aiming the directional de¬ 
tectors in any arbitrary direction as directed by command. It will be capable 
of carrying a 0.9 m diameter telescojpe in the main body. The maiin space¬ 
craft system will include the power, telemetry, stabilization, and the thermal 
control sub-systems which will be used by the appropriate experiments. It is 
expected that many types of astronomical experiments will be flown on the 
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OSO, iucluding infra-red, ultra-violet, radio, and y-ray experiments. Some of 
them are expected to employ photon-counting techniques to obtain very high 
sensitivities. 



The third and most universal type of large stabilized spacecraft system is 
the Orbiting Geophysical Observatory, which will carry a wide variety of 
experiments including those designed to investigate energetic particles, mag¬ 
netic, electric, and gravitation fields, dust, atmospheric structure, the ionos¬ 
phere, solar physics, astronomy, meteorology, and spacecraft technology. It 
is anticipated that this observatory will carry a larger proportion of particle 
and field experiments than will the two types previously described. Its primary 
orientation will be toward the earth but appendages will direct sensors toward 
the sun and in the plane of the orbit. Figure 17 is an artist’s drawing of the 
OGO configuration. It will weigh a total of about 450 kg, of which at least 
68 kg will be reserved for the experiments themselves. The standard obser¬ 
vatory will include the power, data handling, temperature control, and stabi- 
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lization subsystems which will remain essentially unchanged from mission to 
mission. A number of boom-like extensions will he provided to support ex¬ 
periments which are sensitive to the spacecraft induced environmental distur¬ 
bances. It will be possible to launch the OG-O spacecraft into a wide vai’iety 
of orbits ranging from a low altitude (270 km perigee near-circular) polar orbit 
with the use of the Thor-Agena !B launch vehicle, to a high eccentricity 
(270 km perigee to 110 000 km apogee) 31° inclination orbit by the use of the 
Atlas-Agena !B vehicle. It is expected that the first Eccentric Orbiting Geo¬ 
physical Observatory (EOGO) will be launched in mid-1963, and that the first 
Polar Orbiting Geophysical Observatory (POGO) will be launched in mid-1964. 



Although an effort is being made to avoid custom design and construction 
for each satellite by the use of the standardized observatories, it is expected 
that there will continue to be a need for some satellites which are tailored to 
smaU groups of specific scientific experiments. This wiU be true particularly 
for the smaU Scout spacecraft on which the weight penalty for standardized 
design is not acceptable. These smaU spacecraft will be used extensively in 

the very near future until the heavier and more complex observatories described 
above become available. 

Experiments which need to spend a considerable period of time in inter¬ 
planetary space, or which are intended to investigate the moon and planets, 
will be carried on one of a series of interplanetary spacecraft. The first of 
these is Banger, depicted in Pig. 18, intended for use in lunar missions with 
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gross weiglits varying from 300 to 550 kg. The first two of this series will carry 
loads of predominately energetic particles and magnetic fiel dexperiments to a 
radial distance of 10® km from the earth. The later lunar impact missions will 
use a modified version of the basic spacecraft, which will carry a serviceable 
capsule containing a seismometer and experiments to investigate che moon’s 
surface. During the early stages of these flights from the earth to the moon,. 

4 



Fig. 18. - The Ranger lunar spacecraft. 


the Ranger si)acecraft will maintain three-axis attitude control with its antenna 
pointing toward the eartli and its solar panels directed toward the sun. Radio 
tracking will reveal any necessary course corrections, which the spacecraft 
will make on command by orienting itself for a mid-course rocket firing, and 
then reorienting itself as before. As the spacecraft approaches the lunar sur¬ 
face, it will reorient itself on command to direct its major axis parallel to 
the vertical decent path, and will then begin taking high resolution television 
pictures and performing exi)eriments intended to find out more about the lunar 
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surface. At a low altitude, the survivable capsule will he slowed by a retro- 
rocket for a rough but safe lauding on the moon’s surface, where it will per¬ 
form other experiments. 

Very closely related to the Banger configuration is the Mariner spacecraft, 
which is being developed for interplanetary flights to Venus and Mars. The 
basic spacecraft frame is nearly identical with that of the Ranger spacecraft. 
The solar panels are larger and additional equipment has been included to 
make possible transmission from the larger distances involved. The first of 
these missions is to Venus and will include a large variety of energetic particles 
and magnetic field experiments intended to investiaate the entire charged 
particle energy spectrum from near thermal to high energy cosmic rays. A 
later mission will carry experiments to the near vicinity of the planet Mars. 

The next program in this series will utilize the Surveyor spacecraft which 
will be intended to soft-land experiments on the lunar surface. It will be used 
primarily for analysis of the structure of the moon and the properties of its 
surface. 


6. - Conclusion. 

This paper has outlined the United States NASA particles and fields space- 
research program and has discussed the launching vehicles and the spacecraft 
intended to be used for many different orbits and groupings of experiments. 
It is believed that this program will provide, within the next few years, the 
solutions to some of the presently existing questions and the cration of 
many more questions which will need to be answered in our search for a better 
understanding of our physical universe. 
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Spacecraft Information Systems. 
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Greenhelt, Md. 


1. - Introduction. 

The value of earth satellites and space probes for the gathering of scientific 
information about our physical universe is well established. Since these space¬ 
craft are very expensive, it is necessary that we give a considerable amount 
of thought to the problem of maximizing the amount of information which 
can be obtained from each one. This paper contains a discussion of some of 
the difficultes involved in conducting an experiment in space, and of some 
of the techniques which are available for this purpose. 


Hypotheses and 
results of other 
experiments 


Phenomena 
to be 
Treasured 



t t t 

Raw Modified Redu« 

electrical data 

quantity 



Report 
of resuitit 


Fig. 1. - Experiment information flow. 


We may think of any experiment, no matter where it is conducted, as a 
generalized system, as shown in Eig. 1. The end elements are the basic sen- 
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sors and the final report of results. The intermediate elements are the signal 
conditioning instruments which convert the signals from these sensors into 
usable electrical quantities, the reduction of these electrical quantities into 
some form which can be used by the experimenter, and the analysis of these 
data. In addition, for many experiments it is necessary to add blocks repre¬ 
senting storage in one or in several places. Storage may actually be a part 
of all the blocks listed in Fig. 1. For example, if the sensor is a self-integrating 
ion chamber of the Neher type, it provides a storage function of its own. If 
the pulses which appear at the output of this chamber are counted, then this 
scaler represents a second form of storage. A tape i^ecorder is often incorpo¬ 
rated into the signal conditioning and data reduction systems; the placing 
of the reduced data on an oscillograph record or in tabular form is also 
storage. 

The major difference between the general outline shown above and a space¬ 
craft system is the addition of a block representing telemetry of the data from 
the spacecraft to the earth. This block can be placed anywhere along the 
line of data flow. In general, the information bit rate along this line of data 
flow decreases progressively as one moves from left to right in the diagram. 
It must be remembered that the experimenter first sees his data at the out¬ 
put of the telemetry system. The factors which determine where along the 
line of data flow the telemetry system should be placed for any speoiflc ex¬ 
periment include: 

1) The ability of the experimenter to predict the results. If he knows 
where in tlie possible range of values his results will occur he may perform a 
considerable amount of processing in the satellite before he sees the data. 
If, for example, he is measuring the energy spec-trum of jnotons in the cosmic 
ray flux, and if he already has a general idea of the energy spectra of all the 
constituents, he might conc-entrate on the protons and reject all other jiarticles. 
He might go so far as to include a computer in the spatiecraft which would 
determine an analytic*, function whicfli would reirresent thci spectrum. In this 
case he would need to telemeter only a set of eoefflcncnts rather than an exten¬ 
sive set of data points. On the other hand, if he knows very little about the 
phenomenon, it may be necessary for him to telemeter all data directly from 
the sensor, and then to d<;!it(n*mlne liow the data slionld be (ionditioned and 
reduced on the ground after hti lias completed a preliminary investigation of 
the raw data. 

2) Information bandwidtli available for data transmission. Obviously, 
the first alternative listed above would require far less information bandwidth 
than the second. 

3) System reliability. The larger the amount of data processing in the 
spacecraft, the greater is the complexity and the smaller is the system relia- 
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■bility. If the experimenter were to telemeter only the coefficients mentioned 
above, he would need to have a high degree of confidence in his instrumen¬ 
tation. 

4) Time available for the preparation of the experiments. Complex 
spacecraft data processing systems demand a long time for their development 
and calibration. 

Obviously, the choice of best location along the line of information flow 
lor placement of the telemetry system can be expected to vary widely, even 
between experiments on the same spacecraft. Thus, any acceptable central 
spacecraft data handling system must be carefully designed to permit the 
necessary flexibility. 


2. - General eonsideratlons. 

On spacecraft containing more than one experiment the signal conditioning 
instrumentation is often split into two sections. The first consists of the de¬ 
tectors and the circuits which process their outputs up to the point where the 
central data handling system combines the data from a number of experi¬ 
ments. The second includes the instrumentation in this central system, which 
may further process and store the data before transmission. As the attempt 
is made to measure the characteristics of the phenomena in more and more 
detail, more and more processing of the data in the spacecraft before trans¬ 
mission will become necessary. This trend is expected to continue to the point 
that programmable computers will be used aboard the spacecraft to perform 
complex analyses. This tendency is a result of the fact that less payload weight 
will be required for the computers than would be required to produce the 
electrical power to telemeter the very large quantity of raw data, and that 
conservation of ground receiving station capability and data reduction faci¬ 
lities will be necessary. 

A large number of different detectors exist for the study of energetic par¬ 
ticles. Table I lists these detectors and indicates their applicability for use 
on spacecraft. Most of the detectors rely on the process of ionization for 
operation The particle being detected produces ionization in the detector, 
and the electrons, ions, and photons which result are gathered and analysed. 
Some of the characteristics of the electrical signals which appear at the out¬ 
puts of the detectors are summarized in Table I. These are the signals which 
must be prepared for storage and transmission over the telemetry link by the 
signal conditioning instrumentation. 
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The raw information must be converted into a form which meets a number 
of conditions: 

1) It must be in the most meaningful form practicable. 

2) It must be capable of being transmitted over a telemetry link. 

3) The telemetry must be accomplished within the smallest information 
bandwidth practicable. 

4) The instrumentation must meet the requirements of ruggedness, re- 
lativey low operating power, light weight, and relatively small volume im¬ 
posed by the launching vehicle capabilities and the launching environment. 

5) The instrumentation must be reliable while operating unattended for 
long periods of time in the space environment. 

The operation most often performed on the outputs of those detectors which 
are basically electronic in nature include logic operations (including coinci¬ 
dence, anti-coincidence, etc.) pulse shaping, impedance transformation, count¬ 
ing of events, measuring of time intervals, sorting, amplification (either linear 
or non-linear and of either pulses or analog quantities), conversion from analog 
to digital torm, and storage. 


3. - Basie circuits. 

Many experiments use a number of individual detectors in arrays. The outputs 
of these detectors are often acted upon by logic circuits. It is convenient to 
represent the logic operations by a special symbolic language [1]. In this sym¬ 
bolization, AB — G represents the logic operation « output O if A and B », 
A-\-B — C represents the operation «output € if A or B )>, and A = B re¬ 
presents the operation «B if not A». The operations AB and A~\-B are 
accomplished by use of « and » and « or » logic circuits, as shown in Table II. 
Commutative, associative, and distributive laws hold for these operations as 
follows: 

Commutative laws: AB = BA 

A -f- B B -A A 

Associative laws: A{BG) = {AB)G 

A + (B -h O) = (A -f- B) O 

Distributive laws: A{B H- C) = AB -\~ AO 

A + (BC) = (A -f- .B)(A + O) . 

By the use of these laws and Table II, it is possible to describe any logic system 
in terms of a symbolic expression. 


23 - Rendiconti S.I.F. - XIX. 



354 


G. H. LUDWIG 


Table 11. — Logie Operations 


Symbolic 

Description 

Block diagram 

Schematic diagram 

AB+ G 

0 it A and B 

1 

ft 


A^B= 0 

1 

0 if A or F 



11 

B if not A 

A —j5>— ^ 

JL -► B 

IT 


A number of the detectors listed in Table I have pulse outputs which 
can be acted upon by these logic systems and by scalers with a minimum 

of preconditioning. For example, those 
detectors from which pulses having ap¬ 
proximately fixed characteristics result 
from any detectable event, such as G.M. 
counters, utilize nonlinear amplifier and 
pulse-shaping circuits to provide pro¬ 
per driving signals for later circuits, and 
to assist in establishing the threshold 
characteristcs for the system. Figure 2 
shows a simple pulse amplifier and 
shaping circuit used with G.M. counters 
to produce driving pulses for sealing 
cirouits. It is a simple current-fed dri¬ 
ver which produces a saturating output 
pulse when the G.M. tube discharge current passes through the base-emitter 
junction. This circuit is very simple and contains a small number of com- 



Fig. 2. - Simple G.M. tube driver 
(Explorer I, III). 


+12V 



Pig. 3. - Monostable multivibrator G.M. tube driver (S-3). 
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ponents, but ha.s tlie disad-varitage tlia-t tie system deadtime oliaracteristics 
depend on counter pulse-amplitude, deadtime oliaracteristics and the scaler 
input pulse amplitude tliresliold, -wliicli botii depend to some extent on 
the supply voltages aud operating 
temperature. Tlie circuit of dFig-. 3 
is a partial solution to this prob¬ 
lem. It utilizes the voltage pulse 
obtained from theG.M. tute cen¬ 
ter -wire to trigger a monostalble 
multivibrator. Thus, the total 
dead time, is, to a first approx¬ 
imation, the sum of the multivi¬ 
brator pulse width and recovery 
time. It is interesting to note 
that in this multivibrator circuit 
essentially zero current flows ex¬ 
cept when a pulse occurs, due to 
the fact that both transistors in 
the multivibrator are cut off in the quiescent condition. They conduct only 
during the pulse interval. 

The counting, or scaling, circuit shown in Fig. 4 meets the requirements 

of simplicity and operates over 
a wide temperature range [2-6]. 
The circuit requires less than one 
milliwatt of power per stage. It 
is a very simple circuit which can 
be used whenever the counting 
rate does not exceed 6000 S“^ 
and whenever a low output impe¬ 
dance is not required. It is capa¬ 
ble of driving two similar circuits 
with no interposed circuitry, as 
are the other scalers described 
below. Its attractiveness lies in 
the relatively small number of 
components required. It operates 
reliably over the temperature ran¬ 
ge — 50 to -1- 90 °G and over the 
supply Toltage range from 4.6 
to 8 Y. "When higher speed oper¬ 
ation is necessary, a modification of this circuit, wherin. the collector and cross¬ 
coupling resistors are halved in value and the pulse steering circuit time constant 



Fig. 5. — Complementary symmietrioal 250 kHa 
binary scalar stage (Atlas-A.ble Y, S-3). 


+ 5.0V 



E’ig. 4. - Simple 6 kHz binary 8oa.lar -stage 
(Explorer I, III, IV, VII, S-46, Pioneer IV, V). 
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is halTed, can often be used. TMs circuit also requires less than one milliwatt 
of power per stage. When an even higher operating speed or a low output 
impedance is required, the complementary symmetrical scaler shown in Fig. 5 

can be used [6]. In this circuit, the fixed 



collector resistors of Fig. 4 are replaced by 
transistors in a configuration in which one 
transistor is out off and the other is conduc¬ 
ting in each branch. Therefore, the output 
impedance and the current is low in both stable 
states. Circuits of this type have been used 
at rates up to 250 kHz over the temperature 
and voltage ranges of —30 to + 90 °C and 4.5 


Pig. 6. - Basic bootstrap amplifier. to 12 V respectively, with a power require¬ 
ment of about one milliwatt per stage. 
Linear pulse amplifiers are required to amplify by known and constant fac¬ 
tors the pulses from ion chambers, proportional counters, scintillation de¬ 
tectors, Cerenkov detectors and solid 


state detectors. Due to the strong 
dependence of transistor parameters 
on operating conditions, it is usually 
necessary to employ large amounts 
of negative feedback to stabilize the 
amplifier characteristics. This also 
helps to improve the high frequency 
response of the amplifiers. Figure 6 
shows a basic «Bootstrap» D.O. 
coupled amplifier [4], in which the 
gain depends almost entirely on the 
ratio (i2i+i22)/Ba. Figure 7 shows 
the gain curve for this amplifier for 
several temperatures. It can be seen 
that the AG gain, or slope, is es¬ 
sentially independent of tempera¬ 
ture. Figure 8 is a schematic dia¬ 
gram of a pulse amplifier based on 
this circuit which was used in Ex¬ 
plorer lY with a scintillation detec- 



oi ^ irt 1 

O O o O ' 

UnCV) 


tor [7]. The thermistor in the input pjg ^ 
stage was used, not to make the am¬ 
plifier characteristics independent of 


Fout'WS- Fto for the amplifier of 
Fig, 6 with 0=2. 


temperature, but to intentionally introduce a nonhnear temperature depen¬ 
dence to balance the photomultiplier tube characteristic to produce a flat 
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temperature characteristic for the entire system. The gain of this amplifier 
■was 150, the rise time was 0.3 ^ts and its operating power was only 10 mW. 


+ 5.0V 



Fig. 8. - Linear pnlB© amplifier (Explorer IV). 


Another fast linear pulse amplifier is shown in basic form in Fig. 9. This is an 
operational amplifier in which the gain is, to a first approximation, 
if the first stage input impedance 
is high, the second stage gain is 
high, and the load impedance is 
high. A two-stage amplifier and 
emitter follower having an overall 
gain of 100 is shown in Fig. 10 (*). 

Both the bootstrap and opera¬ 
tional amplifier eircuits shown 
possess high input and low output 
impedances and linear operation 
at frequencies higher than 1 MIIjs. 

They can be used with all pulse 
detectors by properly adjusting the number of stages and stage gains, and by 
providing suitable input circuits. 

Frequently it is necessary to convert an analog voltage or current to a 


(*) This amplifier is part of the lladiation Instrument Development Laboratory 32 
channel satellite pulse height analyzer developed under NASA contract. 


+ 5.0V -10.0 V 
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digital signal. In some cases it is possible to perform tbis operation in the 
detector itself as in the ITeher self-integrating pulse ion chamber. In this 


+10V+2.5V 


4lOV-t-5V -10V 


150kr^ 


lOOpF 

2kn 



i^2N697 
*■ output 


-5V 


Fig. 10. - Linear pulse amplifier (S-3). 


device a coated quartz fiber is given an ini 
wall by connecting it to a high-voltage 



Fig. 11. — Relaxation oscillator analog cur- 
rent-to-pulse rate converter (S-46). 


output. Thus the output pulse rate 
ionization within the chamber. 

Auxiliary circuits are sometimes us 
rent-to-pulse rate conversion. Mgure : 


ial charge with respect to the chamber 
source. Upon receiving this charge, 
the fiber deflects away from the 
charging post because of the elec¬ 
trostatic force acting upon it. The 
charge on the now isolated fiber 
gradually leaks away due to ioniz¬ 
ation produced in the chamber by 
the incidence of energetic charged 
particles. The rate of leakage of the 
charge depends on the rate of ioniz¬ 
ation in the chamber. When the 
charge is nearly neutralized, the 
fiber again touches the charging 
post, acquiring a new charge and 
producing a pulse at the chamber 
8 proportional to the rate of total 

to perform, a similar integrated cur- 
shows a simple relaxation oscillator 
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used to convert current in the range 10-® to 1G~* A to a pulse rate [8]. This 
technique has been applied to the measurement of current through cadmium 
sulfide solid state detectors, the integrated ion current in an ion chamber, 


and the integrated dynode current in 
a scintillator detector. By the proper 
choice of circuit components stable 
operation can be obtained for operation 
over a wide temperature range. The 
circuit as shown in Fig. 11 cannot be 
used to reliably measure currents smal¬ 
ler than 10”® A due to the fact that a 
current of this magnitude can leak 
through the discharge tube without 
causing a complete ionization. A sim¬ 
ple modification can be made to the 
basic circuit to permit measurement of 
currents lower by several order of mag- 


chamber 



ME:-76 


nitude. This is accomplished by su- Fig. 12. ~ Low-current converter. 


perimposing a low amplitude periodic 

waveform on the discharge element. A circuit employing an auxiliary relax¬ 
ation oscillator to generate this waveform is shown in Fig. 12 (*). This cir¬ 


cuit is capable of measuring currents to about lO"^® A. 


4. - Simple conditioning sub-systems. 

By the use of combinations of slight variations of the basic circuits described 
above and in Table XI, it is possible to build a large number of subsystems to 
perform operations at the second level of complexity. To illustrate, a voltage 
amplitude can be converted from analog to digital form by means of the cir¬ 
cuit shown in the block diagram of Fig. 13- It can be used as shown for in¬ 
puts having variations slow compared with the dock rate. If the input ampli¬ 
tude variations are more rapid, a pulse lengthener or level clamping circuit 
can be used to hold the level for the duration of the measurement. Action is 
initiated by applying a «begin conversion » pulse which opens the clock gate. 
The scaler counts clock pulses until the stairstep level first exceeds the input 
amplitude. At this point a comparator output appears which closes the clock 
gate. The amplitude is then contained in digital form in the scalar and can 
be commutated, shifted out, or used directly to address a storage matrix. 


(*) R. S. Rockcin: General Electric Company, private communications. 
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The pulse height-to-time converter shown in block diagram form in Fig. 14 
contains a different type of analog to digital converter in whicli a capacitor 


Input 

voltage 


Clock 

pulses 





Output 


Begin 

conversion 


Commutator 

advance 


Fig. 13. - Analog voltage-to-digital converter. 


is initially charged to the input amplitude and a clock gate is opened. The 
capacitor is permitted to discharge at a constant rate until its voltage reaches 


Input from 
pulse amptifer 



To clock 
gate 


Fig. 14. — Ramp pulse height-to-time converter. 


a threshold valne, at which point the gate is closed. Thus, the gate width is 
proportional to the input voltage minus the threshold voltage. The gate allows 
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clock pulses to be counted by a scaler, and at the end of the conversion the 
digital number again resides in the scaler. The conversion speed is about the 



Fig. 1/). - Explorer I spacecraft data system. 


same as that of the*, circuit of Fig. 15. Both this and the prewious circuit can 
be made with a zero offset by biasing the stair-step off-zero in the ease of the 
previous one, and by making the threshold voltage nonzero in the latter. 


5. - Complete signal conditioning systems. 


In a spacecraft, the detectors and signal conditioning circuit elements must 
be assembled in such a manner that meaningful data can be sent to the ground 
receiving station for a number of detectors, often over a single telemetry 
system. For example, data from one detector may be accumulated and par¬ 
tially processed while data from another detector are being telemetered. More 
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Specifically, the pulse height spectrum from a scintillation counter may be 
■determined and stored in a magnetic core storage matrix while data from G.M 
counter previously stored in a scaling circuit are being transmitted. Most o£ the 
energetic particle detectors can be used in similar time sharing systems. In those 
cases where full time telemetry is required, the data are either frequency multi¬ 
plexed or a separate transmitter is utilized. To illustrate the manner in which 
data from a number of different detectors are processed, stored, and multi¬ 
plexed onto a central telemetry linh, a number of spacecraft systems will be 
described. 

The Explorer I instrumentation is an example of an extremely simple 



r 

G, M. 


Encoder 

L 

counter 


(inhibitor) 


Time 

base 


Recorder 

drive 




Pig. 16. - Simplified, diagram of storage and readout system for Explorer III. 


system in which a minimnm amount of processing was provided before tele- 
metry [2, 93* -A.S seen in Fig. 15, the information from each sensor directly 
modulated a sub-carrier oscillator. The outputs of the sub-carrier oscillators 
were s umme d in two groups, and used, to modulate two independent trans- 
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mitters. The two independently operating systems provided redundaricy to 
increase the reliability. 

The Explorer III system is an example of a data-handling system in which 
very little data processing was accomplished, but in which tape recorder data 
storage was provided in the satellite to allow recovery of information from 
all positions in the orbit [10]. Figure 16 indicates schematically the method 
in which the recorder was used. It should be noted that the tape recorder 
was made digital in nature, that is to say, the tape moved in discontinuous 
steps, because of the essentially digital nature of the data. This resulted in 
a low-average power requirement for the tape recorder of only 35 mW. The 
data capacity was 7200 binary bits. 

The instrumentation used in Explorer VI, shown in Fig. 17, is an example 



Fig. 17. - Satellite iielemetry for Explorer VI. 


of a somewhat more complex data system [11]- This greater complexity was 
a result of the fact that a larger number of experiments were carried and that 
a more advanced telemetry encoding system was employed. It should be 
noted, however, that the amount of data processing before transmission was 
still small. All detectors provided outputs to simple preconditioners, and the 
outputs of these conditioners wore telemetered. The digital encoding system 
was a departure from previous practice. An orthogonal code and coherent 
modulation were employed to decrease the word error probability for low 
signal-to-noise ratios, as described later in this paper. Because of the fact 
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Fig. 18. - Artist view of the S-3 satellite. 
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that this was a new system, a separate telemetry system employing the older 
frequency multiplexing technique was included as a back-up system. 

The 8-3 satellite is an example of a present generation system in which a 
large number of detectors are employed and in which there is a large amount 
of data processing before telemetry. Figure 18 is an artists view of the com¬ 
plete satellite, which will be launched into a highly eccentric orbit (apogee 
greater than 10 earth radii) later this year. The instrumentation is designed 
to investigate the charged particle energy spectrum from about 100 eY to 
greater than 10® eY. Figure 19 indicates the particle flux-energy values which 
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Pig. 19. - Range of sensitivity for energetic particle.^ for instruments on satellite S-3. 


will be measured. The experiments for these investigations are being furnished 
by the Goddard Space Flight (’enter, the State University of Iowa, and the 
Ames Eesearch Center and a two axis flux gate magnetometer is being pro¬ 
vided by the University of New Hampshire. The satellite structure, power 
system, telemetry system, thermal control system, de-spin system, techno¬ 
logical experiments and optical aspecst sensor have been developed by the 
Goddard Space Flight Center. 

Three of the Goddard Space Flight Center experiments form a major exper¬ 
iment sub-system which will be described to illustrate the more complex data 
processing techniques employed. These experiments were designed to assist 
in the study of the cosmic ray accelerating mechanisms and the nature of the 
modulation mechanisms which result in the eleven year variation and the 
Forbush decreases which accompany certain types of solar activity, and to 
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increase our understanding of the mechanisms by which solar cosmic rays are 
produced and modified by solar weather. This instrumentation is shown in 
block diagram form in Fig. 20. The first detector is a double scintillator tele- 
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Fig. 20. — The S-3 cosmic-ray signal conditioning systems. 


scope which is capable of measuring the proton spectrum in the energy range 
70 to 700 MeV. Only particles traversing both elements of the assembly are 
processed. When a coincidence is obtained, the pulse from one of the scin¬ 
tillator detectors is analysed by a pulse height analyser, in which the pulses 
are sorted into one of 32 storage channels depending on which of 32 ampli¬ 
tude increments they fall within. The analyser utilizes the linear pulse ampli¬ 
fier of Fig. 10 and a pulse height-to-time converter of the type shown in Fig. 14. 
The gated clock pulses are counted in the address register of a magnetic core 
storage matrix. At the completion of this counting operation, one count is 
added to the number previously stored in the channel addressed by the ad¬ 
dress register. At the completion of the store mode, the complete pulse height 
spectrum (differential energy spectrum) is contained within the 16 by 32 core 
matrix. During the readout mode, these 512 binary bits are sequentially tele- 
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metered. The pulse height analyser as described above has been designed for 
use in spacecraft by the Radiation Instrument Development Laboratory anp 
is available in a package measuring (15.2 x 15.2 x 12.7) cm, weighing 2.6 kg, 
and requiring about one watt of power for its operation. 

The second detector used in this set of instrumentation to extend the proton 
energy spectrum down to about 1 MeV is a thin Csl scintillator detector. The 
pulse height distribution from this detector is determined by an eight channel 
integral pulse height analyser developed at GSPC [6]. In this analyser, a pulse 
amplitude discriminator level is estabhshed by an eight level stairstep gene¬ 
rator. All pulses having an amplitude greater than the discrimination level 
are counted by a scaler. At each level the pulses are accumulated and then 
read out. The discriminator is sequentially stepped through its eight levels. 

The third detector employs two Anton type 1003 pancake G.M. counters 
arranged to serve as a simple, reliable, cosmic ray monitor and to check on 
the information received from the other two detectors. The counters form 
a telescope array, and the coincidence rate and the rate from a single G.M. 
counter are accumulated and telemetered sequentially. 

A commutating system is included to allow all three detectors to utilize 
common telemetry channels. At the beginning of the commutator cycle the 
G.M. counter coincidence events are accumulated for about 1.6 s and read 
into the telemetry system during the following 0.96 s. Then the single G.M. 
counter output pulses are accumulated and read for comparable time inter¬ 
vals. The single scintillator detector output 
pulses, with the discriminator set at the first 
stair-step level, are accumulated and read dur¬ 
ing the next 1.6 and 0.96 s periods respectively. 

This is repeated for stair-step levels two through 
eight. Thus, 26.6 s are required for reading 
the counting rates of these two detectors. This 
sequence is repeated 12 times, requiring a 
total of slightly more than 6 minutes. 

During the time the G.M. counter and 
single scintillator detector pulses are being 
accumulated and read, pulses from the double 
scintillator telescope are being analysed and 
stored in the magnetic core memory. At the 
completion of this sequence, the data lines to 
the telemetry system are switched to the ana¬ 
lyser storage system, and its readout begins. 

The stored data are telemetered several times during the ensuing 102 s. Thus, 
a new energy spectrum and a complete set of G.M. telescope and signal scin¬ 
tillator detector data are obtained every 6.7 minutes. 



Fig. 21. — The S-3 cosmic-ray 
logic system aoeumulator card. 
This sub-assembly is 17.8 cm 
long. 
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The sub-system outlined above, including the pulse height analyser, was 
fabricated in the form of five sub-assemblies utilizing approximately 530 tran¬ 
sistors, weighing 5.8 kg, and requiring 1.4 W of electrical power. An example 
of the method of fabrication is shown in Fig. 21. This circuit board contains 
the scaler (of the type shown in Fig. 5) used to accumulate the G.M. tube and 
single scintillation detector pulses, and the matrix required to read it into 
telemetry system. 


6. - Advanced spaceeraft central data handling systems. 

Several data handling systems have been discussed in which the signal 
•conditioning, storage, and data handling functions were combined into integral 
systems. In line with the development of the larger standard observatory 
spacecraft such as the Orbiting Geophysical Observatory (OGO) and Mariner, 
large centralized data handling systems are being developed which can accept 
the standardized outputs of a large number of sensors and directly associated 
signal conditioning systems. The OGO data system shown in Fig. 22 is an 
example of this type of advanced system for use in earth satellites where 
the transmission path length is relatively small (less than 20 earth radii). 
This system actually contains three sub-systems, a wide-band digital data 
sub-system, a special purpose analog sub-system, and a radio command sub¬ 
system. Since the digital sub-system includes analog-to-digital converters, it 
can accept a wide variety of digital and analog inputs. The wide-band sub¬ 
system will be capable of telemetering at one of three binary bit rates. The 
selection of the 1000, 8 000, or 64 000 bit s-^ rates can be made by ground 
command. The digital information will be presented in 9 bit groupings, or 
words, so that about 115, 920, or 7 360 words, or data samples, per second 
can be telemetered- A commutator will be included to allow the sampling 
of as many as 544 inputs according to a predetermined format. 

The wide-band system also includes a tape recorder storage system capable 
of storing nearly 85 million binary bits. Continuous storage at a rate of 
1000 bits per second is being provided and read-out of the recorder at a high 
rate by ground command will be possible. Thus, data will be recorded from 
all positions in the satelhte orbit. 

The special purpose telemetry is being provided for wide-band experiments 
whose data cannot be digitized easily. The transmitter and antenna system 
are being provided as a part of the spacecraft, but all signal-conditioning in¬ 
strumentation will probably be provided by the participating experimenters . 
The system will have a 200 kHz bandwidth. 

The digital command system will be included to permit partial control 
and fault correction in the spacecraft. Commands will be provided: 1) to per- 
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mit overriding stabilization, thermal, and other snb-systems, 2) to permit 
control of the data system, 3) to turn experiments on and off, and 4) to 
control scaling factors, ranges of operation, absorbers, etc,, in the experiments. 
A total of about 250 commands will be possible. 



Omnidirectional 

antenna 


Directional 

antenna 


Omnidirectional 

antenna 


Fig. 22. - The Orbiting Geophysical Observatory data system. 


In the development of these central spacecraft data-handling systems, the 
goal is to make them as universal as possible and to make the interface be¬ 
tween the experimental instrumentation and the data-handling systems as 
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simple aiid weE defined as possible. This is expected to reduce the effort 
required by the experimenters in making instrumentation for a large number 
of different spacecraft and in making equipment which will work with the 
data systems properly the first time they are mated. 


7. - Telemetry. 

Once the detector signals are processed into a form suitable for transmis¬ 
sion, the next problem is that of telemetry. The goal is to obtain as much 
power per data bit at the receiver output per unit transmitter input power 
as possible, while keeping the noise at the receiver output as low as possible. 
The familiar equation for signal-to-noise power ratio is developed as follows [12]: 
The power area density at a point in space (magnitude of the Poynting vec¬ 
tor) is: 

P = 

4:7tR^ 


and the power intercepted by a receiving antenna is: 


YYr- 


Thus, the received power is: 


Wt0tAr 


where 


is the transmitted power, 
is the gain of the transmitting antenna, 
is the effective area of the receiving antenna, 
i? is the distance between transmitting and receiving antennas, and 
I includes the losses due to polarization misalign m en t, cabling, etc. 


Note that the received power is stated in terms of the gain of the trans¬ 
mitting antenna and the effeotive area of the receiving antenna. Either the 
gain or area of either anteima could be used, since the gain and effective area 
of any antenna are related by the expression 


where X is the wavelength. Table III lists the gains and effective areas of 
several common antennas. The question of whether A^ or G should be used 
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depends only on "wliicli is tlie more signij&eant for a giTen antenna. An iso¬ 
tropic antenna is defined as having unity gain (for all frequencies) and is there¬ 
fore most easily characterized by G^. A parabolic antenna, on the other hand, 
is more conveniently characterized by its effective area, since is simply 
related to its geometric area, while its gain is a function of frequency. 


1 ABLE HI. Power gain>8 and effective areas of several covmnon antennas. 


Radiator 

Gain above isotropic 

Effective area 

Isotropic 

1 


Infinitesimal dipole or loop 

1.5 

1.5{12/45r) 

Half-wave dipole 

1.64 

1.64(12/4:;^) 

Parabola (geometric area—.4) 

(6.3 to 7.5) (.4/12) 

(0.5 to 0.6)4. 

Broadside array (area— A) 

4jr(4,/12)(max) 

A (max) 

Turnstile 

1.15 

1.15(12/4.^) 


The selection of .an antenna for the ground station depends on a number 
of factors [13, 14]. !Por reception from satellites while they are within several 
hundred kilometers from the earth, where the initial acquisition must be rapid 
and the maximum angular rate at the receiving station may exceed two degrees 
per second at the zenith, and for presently used frequencies, the antenna size 
is limited by our ability to move it rapidly. Present antennas for this pur¬ 
pose located at the stations which make up the Minitrack net are made up of 
stacked Yagi antennas with total power gains of about 20 db. For spacecraft 
at distances of more than several earth radii, the limiting factor is a different 
one. The parabolic antenna is presently capable of giving larger gain for this 
application than any other type for a given expenditure of effort. But, for 
the relationship between the effective and geometric areas listed in Table. HI 
to hold, the mecjhanical surface irregularities of the reflector must not exceed 
about A/16. Thus, as the parabolic antenna is made larger and larger (with 
constant frequency) a point is reached where a further increase in size will 
not result in a proportionate increase in antenna gain unless a large refinement 
in the antenna construction tollerance is made. Figure 23 shows the relation¬ 
ships between the antenna power gain and frequency for two parabolic antennas 
in present use, the 250 foot diameter Jodrell Bank antenna and the 85 foot 
diameter Goldstone, Calif, antenna. The ratio of surface irregularity a to 
diameter d of 10"* for the upper curves represents a construction tolerance 
of about I cm for the 250 foot antenna and about J cm for the 85 foot dish, 
while the value 2.5 • 10"* represents tolerances of about 2 and 0.6 cm respectively- 
On the spacecraft the factors limiting antenna size and gain are consider¬ 
ably different. If the spacecraft antenna is not oriented toward the earth 
then a radiation pattern approaching isotropic is necessary. Even if the space- 
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craft is stabilized, it will not be possible for a number of years to make 


its antenna as large, as accurate, and 



100 1000 10.000 
Frequency, MHz 


Fig. 23. - Antenna power gains vs. frequency 
for 85 and 250 foot diameter parabolic 
antennas. The antenna diameter is d, and 
<T is tbe size of tbe surface irregularities. 


as controllable as tbe eartbbound 
antenna. During the next few years, 
areas of tens of square meters may 
be possible, and later, areas of se¬ 
veral thousand square meters may 
be achieved. But it is expected that 
the size will always be small com¬ 
pared with that of the earth-bound 
antenna. 

The factor Z in the expression 
for the received power represents 
the losses due to the cabling from 
the ground antenna to the receiver 
pre-amplifier, and to misalignement 
of the planes of polarization of the 
incident wave and the receiving 
antenna. The cabling losses can be 
expected to be several decibels (db) 
while the loss due to polarization 
misalignment depends on the type 
of polarization employed in the two 
antennas and on their relative align¬ 
ment. If the spacecraft is stabilized 
and if the polarization plane of the 
ground antenna can be rotated to 
correspond with that of the incident 


wave, then the polarization loss can 
be virtually eliminated. The power attenuation factor caused by polarization 
vector misalignment in the general case is [12]: 


IT ^ {1± yira)^+ (ri db ^ 2 )" + (1 — r\){l — y|) cos 2 0 

^ max 2(1 -|- r|)(l -f- rl) 

where is the power received when the vectors are aligned and rotating 

in the same direction, 

ri is the axial ratio of the elliptically polarized incident wave, 

is the axial ratio of the elliptically polarized receiving antenna 
6 is the angle between the directions of maximum amplitude of 
the incident wave and antenna, and 
+ is to be used if the rotational sense is the same for the incident 
wave and antenna while the minus sign is to be used if they 
are opposite. 
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Several degenerate cases for this expression are summarized in Table IV. 
It should be noted that the polarization of the incident wave was discussed. 
This will, in general, not be the same as that of the transmitted wave due to 
atmospheric eldects. 


Table IV. — Polarization losses for linear a?id circular 'polarization. 


Polarization of 
incident wave 

Polarization of 
receiving antenna 

Sense of rotation 

WfW^^ 

* 

Circular 

Circular 

Similar 

1 

Circular 

Circular 

Opposite 

0 

Circular 

Linear 

— 

h 

Linear 

Circular 

— 

i 

Linear 

I jinear 

— 

cos® 0 


The paraineter W, is the power actually radiated by the transmitting 
antenna, and is less than the total input power to the transmitter by the 
amount of the cabling losses and the losses due to transmitter inefficiency. 
At the present time, it is possible to achieve transmitting system efficiencies 
between 30 and 80‘X) foi* transmitters velow 1000 MHz, and efficiencies on 
the order of 10 to 50 % for transmitters above 1000 MHz. These figures 
are not likely to be improved appreciably. In computing the received infor¬ 
mation power it is necessary that the umhle sideband power rather than the 
total radiated power be used. But in computing tlie received power foi* traohing 
purposes where only tlie carrier power is utilized, then only tlie radiated carrier 
power must be used. If the same transmitting system is to be used for both, 
tracking and tlie trtinsmission of data, then a ratio of carrier to usable side¬ 
band power should be selected wliich will result in comparable reception thresh¬ 
olds for tlie two signals- This ratio can be optimized by a proper choice, of 
modulation method and modulation index. 

If there were no interferenee, it would be possible to receive the signal 
from any transmitter from any clistanc*e by incorporating snfticient amplifi¬ 
cation in the re(‘,eiver. Interference is, howi^ver, always present and it limits 
the usable range of communication [13-15]. It enters at every point in the 
telemetry link. In the transmitter, it is caused by the instability of the oscil¬ 
lator. In the transmitter-receiver space link, it enters from galactic, solar^ 
planetary, and atmospheric sources. And in the circjuits of the receiver, inter¬ 
ference is generated by the random motion of the electrons and by oscillator 
instabilities of the tyiie that o<*cur in the transmitter. Every effort is made 
to reduce the effect of these interfering sources in order to produce as high 
a ratio of received signal power to total interference power as possible. For 
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most spacecraft systems, tlie interference produced by oscillators, both in the 
transmitter and recewer, can be made much smaller than that from other 
sources. The remaining interference is of two types, external and thermal. 
The external noise includes mostly man-made noise which is reduced by locat¬ 
ing the receiving stations as far from civilization as possible, by careful design 
of the antenna, and by proper choice of distinctive coding methods to allow 
reading the data through the noise. 

The thermal noise imposes a fundamental limitation due primarily to the 
random motion of electrons. The noise power produced by a thermal source is 

= TaTB , 

where is the noise power, 

Ic is the Boltzman’s constant = 1.38W s deg~^, 

T is the absolute temperature in ®K, and 
B is the bandwidth in Hz. 

It is obvious that there are two ways of minimizing the noise power, by 
reducing either T or B. Since reduction of B implies reduction of the tele¬ 
metered information rate, every attempt should be made to make T as low 
as possible. The temperature T is the temperature of the eq^uivalent resistor 
which represents a noise source. It also has a significant relationship to the 
equivalent temperature of those portions of earth, atmosphere, planets, sun, 
and galaxy which are seen by the receiving antenna. The value of T to be 
used in the equation is the properly weighted sum of all the source temper¬ 
atures, where the weighting depends on how the source is «seen » by the 
receiving system. For sources which are internal to the receiving system or 
uniformly surround the antenna, .the weighting factor is one. For sources 

which occupy only a fraction of the antenna pattern, the weighting factor 

depends on the size of the source and where within the antenna pattern it is 

located. The weighted temperature for a source n is given by 

Tny, = ~ ffT^{<p, d) 6) d9? dO 


where is the equivalent temperature of source n, 

G is the antenna gain, and 

(p and B are angular co-ordinates, measured with respect to the 
central antenna beam axis. 

The temperature T, then, is simply 
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Typical Tallies of for the varioiis sources are as follows: 

1) Beceiver noise. The equiTalent noise temperature for conTentional, 
parametric-amplifier, and maser receivers are 2 000 ®K, 100 and 10 ®K 
respectively. 

2) Barth black-hody radiation. If the antenna « sees » the earth within 
a portion of its radiation pattern, then noise due to the hlack-hody radiation 
of the earth at a temperature of 
about 280 is received. This 
source is essentially frequency-inde¬ 
pendent. Antennas whose sidelobe 
levels are low and which accept very 
little of this noise are called low- 
temperature antennas. They are 
characterized by equivalent temper¬ 
atures of from 10 to 20 ®K. A more 
conventional well-made parabola and 
feed may have a temperature of 
about 100 ®K. 

3) Atmospheric noise. The at¬ 
mospheric noise is a strong function 
of frequency and of path length 
through the atmosphere, as shown 
in Fig. 24. For angles above the 
horizon greater than 10°, the equiva¬ 
lent noise temperature is less than 
about 10 °K. It can be seen that 
for good maser systems the perfor¬ 
mance will be seriously degraded 
below 10° elevation angle because of 
the atmospheric noise and because the antenna sidelobes will intercept the 
earth. The consequences are not serious for deep space coimmmioation where 
the elevation angle can be kept greater than 10°, but may be for low-altitude 
satellites since proportionately more time is spent below this elevation 
angle. 



frequency,HHz 

Fig. 24. Atmospheric and cosmic noise vs. 
frequency. 


4) Galactic (cosmic) noise. The galactic noise is a strong function of 
frequency and of the direction in which the galactic plane is viewed, as shown 
in Fig. 24 and 26. At 270° celestial longitude in the plane of the echptio, the 
direction is very nearly toward the galactic center, and a high temperature 
results from the integrated effect of the large number of discrete sources seen. 
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The small peak at 90° is the other interception of the galactic and ecliptic 
planes. For other directions, the noise temperatures for receiver frequencies 
of 100 and 250 MHz are about 500 and 30 °K respectively. 

5) Radio star, solar, lunar, 
and planetary noise. In addition 
to the diffuse galactic source discus¬ 
sed above, there are a number of 
discrete sources, generally less than 
1° in extent. Included are radio 
stars, which may not necessarily be 
identified with visible objects, the 
sun, the moon, and the other pla¬ 
nets. In speaking of these sources, 
which occupy a very small portion 
of the antenna beam, it is custom¬ 
ary to talk of their energy flux- 
density S at the position of the 
earth rather than T, where 

= JSA^B 

where is the noise power from a discrete source, 

is the effective antenna area, and 
B is the bandwidth, as before. 

The most intense radio star known is Oassiopea A. At a frequency 
of 20 MHz, it produces a flux density of 5 • IO -22 W(m)-=* Hz. The flux 
density decreses with increasing frequency, reaching values of 2 * 10-22 and 
6W(m)-2 Hz at 100 MHz and 10 000 MHz respectively. The next 
most intense source produces only about half as much flux density as Gas^ 
siopea A, and only four of the remaining ones reach lO-®^ W(m)-2 Hz. 

The noise power received from a radio star will be less than that received from 
a rather weak galactic region for antenna diameters less than about 100 feet. 

The solar electromagnetic radiation is both complex and variable, as showm 
in Fig. 26. It consists of thermal radiation at a black-body temperature of 
6 000 KZ on which additional noise is superimposed due to solar activity. Thus, 
it can be seen that the sun is a very intense source, and takes on secondary 
importance in most cases only because it is localized. 

The moon and planets may be disregarded as noise sources for most prac¬ 
tical considerations. Some of the planets are sources of noise bursts at certain, 
frequencies which can be avoided. The thermal noise flux density for the 
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moon has been shown to be about W(m.)“® Hz at a frequency of 

35 000 MHz, hut is presumably immeasurably small at frequencies below the 
microwave region., Of the planets, Teiius has the highest thermal flux of 
10-24 \y Hz at 9 500 MEHz. As in 

the case of the moon, the planetary 
thermal fluxes are measurable only at 
microwave frequencies. 

The remaining parameter aflecting 
the amount of noise power and the 
receiver output is the bandwidth, Both 
the pre-detection band-width and the 
post-detection band-widths must be 
considered. They are approximately 
equal to the smallest bandwidth en¬ 
countered in the circuits, as long as 
most noise is introduced ahead of these 
circuits and all circuits are operated 
linearly. The value of B to be used in 
the above noise computation is ap¬ 
proximately equal to the smaller of 
these figures. Obviously B should he 
the smallest value which will still pass 
the desired inforiuation. The relationship between B and H, the information 
bit rate, depends on the types of modulation and detection employed. 

It is now possible to write the complete expression for the signal-to-noise 
power ratio at the output of the rec^eiver, 

Wr /aS\ WiQtAr 

where all the parameters have been discussed above. A threshold signal-to- 
noise ratio is usually defined as Usable data have been received, 

when jSJN has been as low as several dh. It is usually true that SI If =10 db 
is considered marginal and = 15 db is desirable when machine data re¬ 
duction systems are used. 



Tig. 26. — Representative solar noise 
levels as a funotion of wavelength. 


Tabuk V. - W&prenenkitive tele-mdry system performance. 


„ ^ ^ Wt Trammitter hooeiver 

> p<ioeci a , Y/att antenna gain antenna gain 

A (m) 

jR (km) 

B (Hz) 

(A'/F). 

Explorer I 0.01 1-64 50 

OGO 5 15.00 10* 

Pioneer V 5 1.15 2-10® 

2.78 

0.75 

0.31 

4.8-103 

9.6-10* 

3.2-10’ 

20 

2-10« 

10 

3 db 
15 db 
3db 
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Table V shows the relationships between the various parameters for several 
sample spacecraft systems, in order to produce a better comprehension of the 
numbers involved. 


8. - Encoding and detection. 

The expression above for the signal-to-noise power ratio is true for systems 
using any modulation technique, as long as the values of the various para¬ 
meters are the same. This is not, however, a true index of telemetry system 
performance, since one is really interested in the ratio of the amount of infor¬ 
mation transmitted per unit time to the total transmitter input power. Se¬ 
veral factors in addition to the ones discussed above cause systems to give 
different performance. The first is the relationship between the information 
and receiver bandwidths. It is customary to express this in terms of the 
parameter oc = BjH, where B is the receiver bandwidth as before, and JET is 
the information rate in bits per second. The bandwidth should be made just 
large enough to permit recovery of the information. The second factor is the 
ratio of the usable radiated sideband power to the total transmitter power 
output. 

A comparison of the various encoding methods usually results in the con¬ 
clusion that the most eflS.oient one for space telemetry is pulse code modu¬ 
lation [16]. This is a modnlatioti in which a pulse amplitude, phase, or fre¬ 
quency sequentially assumes one of a number L of discrete values. In many 
cases this will be simple binary code (off-on or phase reversal) modulation, 
in which L = 2. Alternatively, a code can be made up of L words, each one 
consisting of a number M of binary bits. If 2-“^ > Jy, then redundancy is in¬ 
troduced and techniques can be used which result in relatively low error pro¬ 
babilities for low values of The moderate complexity introduced by the 

use of these codes is warranted in the case of small satellites, deep-space, and 
planetary spacecraft on which it is difificult to achieve usable information rates 
by use of the more conventional techniques. A particularly interesting code, 
known as an orthogonal code, is one for which L = M, and in which the in¬ 
coming word is correlated simultaneously with all L possible words [17]. There 
are B correlator outputs, on which appear zeros for the wrong possibilities, 
and A for the correct one (under noise-free conditions). A decision device 
selects the line having the greatest output. If noise is present so that one 
digital bit in the incoming word is incorrect, there will still be a high 
probability for selecting the proper word because of the redundancy. This 
decision process is known as maximum-likelihood detection, and can be 
shown to minimi z e the probability of error when all the words are equally 
likely and contain equal energies. 



SPACECRAFT INFORMATION SYSTEMS 


379 


The carrier detection method must be carefully selected. It has already 
been stated that all receiver circuits, including the detector, should be linear, 
especially at low signal levels. A commonly used linear detection method is 
cross-correlation detection [18], in which the incoming signal plus noise 
is multiplied by a locally generated best estimate of signal 8*. This product 
gives 

8*{8^N) = 

which, when averaged by a low-pass filter, yields the correlation coefficient 
(88*)^^^ contaminated by the noise {N8*)^^^: This process is linear in that 
the output signal-to-noise ratio 

88 * 

N8* 

is the same as that at the input. By comparison, in conventional square law 
detection, the detector output at low signal levels is 

(8 -f N)^ = 8^-^ -f 28N . 

In this process, the output signal-to-noise ratio is 

8^ 8 1 
W^ J^28F ~ N (2'-j- (W'jJ)) * 

Thus the degradation of signal-to-noise ratio for square-law detection com¬ 
pared with correlation detection is (2-f (1V/>S')). A practical method of con¬ 
structing a correlation detector is by the use of a phase-locked loop. 

Related to the problem of detection is one of signal coherence. A coherent 
system is one in which the receiver is assumed to know at all times the phase 
of the unmodulated transmitted signal. The a priori knowledge of the signal 
characteristic is greater for a coherent signal than for a non-coherent signal; 
thus, we may expect some advantage if the detection system is designed to 
take advantage of this knowledge. An example of a coherent system is one 
employing bi-phase carrier modulation, in which the carrier wave phases are 
180° apart for binary O’s and I’s. 


10. - Data recovery. 

It is necessary to perform numerous functions at the stations where the 
spacecraft data are received. As shown in Fig. 27, these may include: 

1) Data recovery. Beceivers and primary data recorders for the'^xeceipt 
of the spacecraft data are necessary. 
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2) Spacecraft command. In many cases tlie spacecraft contains a com¬ 
mand system, which may be used to a) control the transmitters, recorders 
and other elements of the spacecraft data system, b) control other spacecraft 
subsystems such as the stabilization system (to direct a telescope at a new 
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Pig. 27. - Information flow in spacecraft data, tracking and command systemH. 


star, for example), the power system, or the thermal control system, or 
c) control experiments by turning their power off or on, change scale factors, 
change absorbers, change viewing directions, etc, Some of the receiving sta¬ 
tions possess transmitters and code generators to supply the necessary com¬ 
mand signals. These commands may he transmitted according to a predeter¬ 
mined plan, or upon looking at a live or delayed data display. 

3) Tracking. Stations which are established to receive spacecraft data 
usually have tracking systems as well. This tracking function may utilize 
parts of the telemetry receiver and antenna, as in the case of the Goldstone 
station, or it may be provided by a different antenna and receiver system, as 
in the ease of the Minitraok interferometer tracking system. 
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4) Timing. Since it is necessary that specific experimental data be asso¬ 
ciated with position in space, it is necessary that accurate time be recorded 
with the received data. The use of a spacecraft clock will not obviate this 
need, since it will still be necessary to determine the spacecraft clock error 
by comparison with an accurate clock on the ground. The usual technique 
is to provide a stable, precise oscillator at the receiving station which is either 
continuously or periodically compared with the time from one of the standard 
time facilities, such as radio station WWV. This local time signal is recorded 
■ on the magnetic tape along with the received spacecraft signals. 

5) Beal-time display. For some spacecraft, it will be necessary to pro¬ 
vide reduction of certain portions of the data in real time at some of the re¬ 
ceiving stations (and perhaps ultimately at the operations control center by 
means of microwave or wire communications) in order that corrective action 
may he taken immediately in the event of a spacecraft subsystem malfunction 

. or of a need to readjust an experiment. ' Little real-time display has been 
necessary so far, but, with the coming of the observatory-type spacecraft 
the need is rapidly developing for some real-time display at at least one central 
receiving station. 


11. - Data reduction. 

Once the telemetry receiver output is available on the magnetic tapes it 
is necessary to reduce these electrical signals into usable data. The magnitude 
of this task should not be understimated. The number of data points received 
from a single satellite can be extremely large. From the single G.IVC. counter 
flown in Explorer I, which comprised about the simplest spacecraft data system 
conceivable, but wliere essentially no processing was done before transmis¬ 
sion, of the order of 100 000 data points were received during the active sa¬ 
tellite lifetime of 32 days (a data point is a number obtained from a detector 
which can be associated with satellite position, time, measuring interval, etc.). 
Other more complex systems have already yielded hundreds of thousands of 
data points, and the OGO spacecraft will be capable of providing 2*10ii data 
points during its lifetime. Obviously the establishment of techniq^ues for the 
handling of this volume of data cannot be assigned a low priority, to be taken 
care of after the launching is successful. It is also obvious that the time-proven 
techniques for reading data manually are not adequate for reducing space¬ 
craft data, except for making data rapidly available for quick look inves¬ 
tigations. 

The usual procedure for the handling of the telemetry tapes is also shown 
in Fig. 27. They are forwarded to a central data reducing center located at 
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one of tlie IS'ASA centers or, under certain circumstances, directly to an expe¬ 
rimenter’s laboratory. There they are partially reduced, and the results are 
recorded on a medium which can be directly used by the experimenters. These 
reduced data may take several forms, including computer tapes or cards, other 
magnetic tapes, oscillograms, or tabulations. The experimenters then further 
process these data so that they can conduct their analysis most conveniently. 

The use of high speed computers for the initial reduction of the receiver 
output tapes and for the final reduction by the experimenters is becoming 
more and more necessary. Both of the two main data reduction steps, the 
separation of the signals from the noise, and the processing of these recon¬ 
structed data, can be accomplished by properly programmed general purpose 
computers or by properly designed special purpose computers. 


DETECTORS CHANNEL DIVIDERS (SCALERS) 



Pig. 28. — The Explorer IV mamial data-reduction process. 


A very simple data-reduction system is illustrated in Fig. 28. This is the 
one utilized in the early Explorer IV reduction program. The discriminators 
and moving pen oscillograph produced a paper chart, which was read by 
trained data readers. The manual operations required the expenditure of 
approximately six man years of effort to complete the reduction of about six 
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■week’s data. Subsequently, a macMue reduction system was perfected wMcb 
produced IBM punched cards in a single operation. It was discovered that 
the machine reduction method was considerably more accurate than the ma¬ 
nual method. 

An example of a representative present generation data-reduction system, 
is the Explorer VIII system (Fig. 29). A similar system will be used for the S-3- 



Fig. 29. - The Explorer VIII data-processing system. 


and S-51 (TJ.El.) spacecraft. These spacecraft all make use of tone burst mo¬ 
dulation, in which an audio frequency (6 kHz to 15 kHz) oscillator is gated 
on and off. In the S-3 and S-51 systems, the oscillator tone bursts of 10 ms 
are followed by 10 ms pauses. The frequency of the oscillator during the bursts 
is controlled by the data. A single oscillator can telemeter n digital bits, 
in which case there will be 2” possible discrete frequencies. Alternatively, the 
burst can send analog data by making the frequency proportional to the signal 
amplitude. The data system includes a commutator, so that one burst is used 
for experiment 1, another for experiment 2, and so on. In S-3, the commu¬ 
tator has 10 inputs so that each frame is 16 bursts long. Frame synohroni- 
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zation is provided by making the first burst in each frame longer than the 
others. Several frames are necessary to send a complete number representing 
one detector reading. 

In the data reduction system, the magnetic tape recorder output is fed 
through a 120-tooth comb filter, from which there are 120 output lines. The 
burst quantizer establishes the burst and frame synchronization. The fre¬ 
quency quantizer integrates the outputs of the 120 lines during the time that 
the bursts are present and selects the one having the greatest output amplir 
tude. The outputs of the quantizers are fed to the decommutator, which re¬ 
assembles the original data words. These words, plus the time signal, are 
recorded on a magnetic tape in computer format. These tapes may then be 
used for further data reduction, tabulation, or display by the computer, either 
at the central data reduction facility, or by the experimenter. 


12. - Conclusion. 

This paper has discussed a few of the problems involved in properly de¬ 
signing a spacecraft data handling system, including the initial conditioning 
of the signals from the sensors in the spacecraft, the transmission of these 
conditioned signals to the earth, and the processing of the data after receipt. 
Although it is not necessary that the experimenter understand all the details 
of many parts of the system, he should have a general understanding of the 
problems involved so that he can make the most efficient use of the space¬ 
craft. He must be particularly familiar with many of the processes which occur 
at the two ends of the system, those which occur immediately following the 
spacecraft sensors, and those occuring just before the appearance of the data 
in final form at the - output of the ground data reduction equipment, since 
these are places in the system where the basic form of the data is modified 
most strongly. It is necessary that the experimenter understand in what ways 
the data are modified by the complete data system, 

Present spacecraft systems are capable of collecting very large quantities 
of data. The experimenter must remember that his role is to gain a greater 
understanding of the physical universe, not merely to act as an efficient ga¬ 
therer of data. He must require that his instruments operate as efficiently 
as possible to assist him in this role. This implies that he will employ auto¬ 
matic data processing techniques to the limit of the currently available techno¬ 
logy both in the spacecraft and on the earth for those processes which do not 
actually require his human judgement. 



SPACECRAFT INFORMATION SYSTEMS 


385 


REFEEENCES 


[1] J. E. Whitesitt: Boolean Algebra and its Applications (Eeading, Mass., 1961). 

[2] Gr. H. Luowig: Bev. Sci. Instr., 30, 223 (1969). 

[3] V. E. Suomi: The Thermal Radiation Balance JSocperiment on Board Explorer YU, 

Cli. 11 in Juno 11 Summary Project Report, Marshall Space Elight Center 
Report MTP-M-RP-60-1 (1960). 

[4] G. H. Ludwio: The Development of a Corpuscular Radiation Experiment for am 

Earth Satellite, State University of Iowa Research Report SUI-60-12 (1960). 

[5] Gr. H. Luuwig and W. A. Whelpi-by; Journ. Geophysical Research, 65, 1119 (1960). 

[6] U. D. Desai, R. U. Van Ablen and G. Porreca: NASA Technical Note TN D-666 

(1960). 

[7] C. E. McIewain: ire Transactions on Niiclear Science, NS 7, No. 2-3, 159, 

Jnne-Sept. (1960). 

[83 J. W. Freeman: A Satellite Borne Cadmium Sulfide Total Corpuscular Energy 
Detector, State University of Iowa Research Report SUI 61-2 (1961). 

[9] H. U. Richter, Jr., W. Pilicington, J. P. Eyrand, W. S. Shipley and E. W. 
Randolph: Electronics, 32, No. 6, 39 (1959). 

[10] G. H. Ludwig: The Instrumentation in Earth Satellite 1958 Gamma, in IGY 

Satellite Report Number 13, World Data Center A, National Academy of 
Sciences (1961). 

[11] G. E. Mueller: Astronautics, 5, No. 5, 26 (1960). 

[12] Reference Data for Radio Engineers, 4th edition (Stratford). 

[13] E. Rechtin : Astronautics 6, No. 4, 37 (1961). 

[14] G. E. Muller: Proc. of the IRE, 48, 557 (1960). 

[15] A. G. Smith: Proc. of the IRE, 48, 593 (1960). 

[16] R. W. Sanders: Proc. of the IRE, 48, 575 (1960). 

[17] A. J. ViTEiUBi: IRE Trans, SET-7, 3 (1961). 

[18] H. L. Richter, Jr., Ilicroloeh: A Minimum Weight Instrumentation System for 

a Satellite, Jet Propulsion Lab. External Publication No. 376, 15 Apr. 1957. 


25 JRendiconii 


XIX, 



The British Space Research Programme. 

E. B. Dorling 

Department of Physics, University College - London 


The first steps towards a British. Space Eesearch Programme were taken 
in the autumn of 1953 by the Gassiot Committee of the Boyal Society. With 
the co-operation of the Eoyal Aircraft Establishment, a programme was- 
evolved for the launching of measuring instruments into the upper atmosphere- 
(up to 160 km altitude) by a specially designed rocket. Government financial 
support was obtained, the rocket known as Skylark was designed and made- 
under the direction of the Eoyal Aircraft Establishment, and the Australian 
Department of Supply agreed to arrangements for launching at Woomera. 
Meanwhile in 1955, five University Groups started development work on ex¬ 
periments of their choice. The first flight trial of Skylark took place early 
in 1957, and since then many successful flights have carried scientific equip¬ 
ment to the 160 km altitude region. There is today a well established pro¬ 
gramme which is not only serving the needs of upper atmosphere research but- 
is also including pilot equipment in preparation for earth satellite experiments. 
The Skylark rocket is powered by a Eaven solid propellent motor giviirg a- 
thrust of around 12 0001b for half a minute or more. 

Altitudes in excess of 160 km are reached with payloads of up to 65 kg. 
The whole rocket, which weighs about 1 ton, is 25^ feet long and 171 inches- 
in diameter. The 15° steel nose cone and the parallel instrument bay provide 
5 cubic feet of space for the payload. 

A later version of Skylark has an additional short burning time booster 
motor which gives a considerable increase in maximum altitude. 

Telemetery equipment operates on a frequency of 465 MHz and can pro¬ 
vide 24 channels of information. There are means available for parachute 
recovery of the instrument compartment, for ejecting part of the nose cone 
or for electrically insulating one part from another. It is also possible to carry 
some instrument sensors in the undisturbed region ahead of the rocket by 
mounting them on a 4 ft long spike projecting from the nose cone. 

There is no doubt that Skylark is a reliable and versatile research rocket 
giving scope'for a variety of valuable scientific measurements. 
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Before mentioning the scientific programme it is perhaps worthwhile stating 
some of the factors influencing our choice of experiments. In the first place 
it must be remembered that the advent of earth satellites, space probes and 
the like, while tremendously important and exciting, has in no way diminished 
the value of rocket research in the atmosphere below say 160 km. Rockets 
alone can examine a vertical cross-section of the atmosphere in a very short 
time. Satellites have a useful life only above the 240 km altitude mark; much 
of interest lies well below this altitude. 

We are fortunate to have the use of the Woomera range in the Southern 
hemisphere; this enables our measurements to be made in geographic and 
geomagnetic latitude far removed from those of ranges in North America, 
North Africa and Russia. 

Finally it is vital for the progress of geophysical and related sciences that 
systematic studies of the diurnal, seasonal and secular behaviour of the upper 
atmosphere and solar radiations should be made over long periods of time. 
The glamour of deep space probes and so on must not be allowed to overshadow 
the value of the patient systematic studies, for throughout the history of 
science, it is such studies that have yielded some of the greatest fruits. 

To return to the Skylark programme: 

During the past few years, the following research groups have carried out 
experiments: 

University of Belfast: Measurement of upper atmosphere winds and tem¬ 
perature by the observation of sodium clouds released from rockets. 

University of Birmingham: Measurement of ion spectra by the use of po¬ 
sitive ion spectrometers ejected from the rocket on a long cable, and meas¬ 
urement of electron density by a dielectric method. 

University College London: Data on upper atmosphere winds and tempe¬ 
ratures have been obtained from observations of grenade bursts. Solar Lyman 
a-radiation and solar X-rays have been monitored by nitric oxide ionization 
chambers and emulsion detectors. Langmuir probe type instruments have been 
used to study sporadic B ionization and electron and ion concentrations in 
the ionosphere. 

Imperial College London (Dept, of Meteorology): Observation by radar of 
the motion of resonant dipoles released from rockets have yielded data on 
upper atmosphere winds. 

Imperial College London (Dept, of Physics): The variation of cosmic ray 
intensity with height has been measured. 

One of the notable achievements of the Australian launching team at 
Woomera during 1959 was the successful launch of 3 Skylarks in 2 days for 
the international Rocket Week programme. 

It is intended that the experimental programmes of the groups mentioned 
above will continue and expand, while other groups are gradually entering 
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the field.; amongst them are the University College of Wales in conjunction, 
with E.A.E., the Geophysics Department of Imperial College London, and the 
Boyal Observatory Edinburgh. 

Experiments soon to take place will be concerned with measurements of 
the geomagnetic field, observations in ultra violet wavelengths of the Southern 
sky, and ionospheric investigations using radio propagation methods. 

In addition to these experiments being carried out in their own right in 
Skylark, we can expect this rocket to be used for giving test flights to equip¬ 
ment intended for the Scout satellite. 

We now turn to the scientific programmes which have developed in the 
United Kingdom since the launch of Sputnik I in 1957. 

It can be fairly claimed that the effort made in Britain to extract the 
maximum of scientific information from observation of the earth satellites 
launched by other countries has not only been on a considerable scale but has 
been very effective. 

It is easy to allow the undoubtedly very great technological achievements 
of the satellites themselves to overshadow the valuable scientific work which 
has been and still is in progress, based on optical and radio obseiwations. It 
would be unfortunate to ignore this work. Both the optical and radio obser¬ 
vations vary in precision and origin. Some are from amateur observers usiiig 
relatively inexpensive equipment but are none the less of considerable value, 
particularly in the prediction of satellite orbits of relatively low altitude. 
Others, from professional astronomers and missile tracking stations are of the 
highest precision, and some from the Jo dr ell Bank Radio Telescope are of 
course unique in that no other known equipment in the world can achieve them. 

The methods used for optical observations vary; the simplest in operation 
is probably a plate camera in which a satellite track, photographed against 
the star backgrotmd, is broken intermittently by a coded time mark. The 
use of kine-theodolites by trained operators has been very successful when 
weather conditions have been favourable and can give very precise results. 
At present stations so equipped exist in Scotland, West Wales, Southern England, 
and Malta. Other methods are under development, most of them with the 
aun of achieving the high accuracy of a kine-theodolite without the use of 
highly trained operators. 

The methods for radio observations of satellites and space probes in this 
country are also diverse. We have already mentioned Jodrell Bank Radio 
Telescope, used for the reception of signals, from deep space probes. Less sen¬ 
sitive, but adequate for earth satellites in near earth orbits, are the varieties 
of radio interferometers, such as that developed by the Royal Aircraft Estab¬ 
lishment, and the American Mtnitrack system. A Minitrack equipment has 
been installed near the Radio Research Station, Slough. The output will be 
of use both for the American tracking network and for any purposes of our 
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own which may arise in the future. The data from precise optical tracking 
have already yielded new information about the ellipticity of the earth and about 
the effect of air drag on satellites. This latter study, leading to knowledge of 
the changes of air density at great heights and its variation with other effects 
such as solar radiation, is hound to play an important part in our developing 
knowledge of the upper atmosphere. 

The study of radio propagation from satellites through the ionosphere is 
being energetically followed in this countiy and again is bound to lead to a 
greater understanding of this important region of the atmosphere. Finally 
tracking information is the raw data from which the satellite orbit is calculated 
and from which prediction of the time and direction of its appearance from 
any specified station can be made. While it might be expected that orbits 
well away from the earth can be calculated and predicted with precision for 
a long time ahead, this is certainly not so for satellites nearing re-entry, and 
passing through interesting parts of the upper atmosphere. Here the varia¬ 
bility of air drag and the changing aspect of the satellite can cause large errors 
in prediction. The need for accurate up to date observations is here very 
evident. In the United Kingdom a satellite Prediction Service is operated 
by the Kadio Research station at Slough. This station receives observations 
from many parts of the U.K., Europe, and the Commonwealth, and issues 
predictions to all who have a genuine need to know. 

Many of you, I suspect, liave a greater interest in the contents of satellites 
than in tlieir external behaviour, so I will leave tracking at this point and 
turn to our plans and hopes for the direct use of satellites. As is well known 
to you, we have already arrangements with the American authorities wiiere- 
by British designed and made instruments will he carried in American launched. 
Scout satellites. There is also the possibility that British satellites might be 
launclied by a rocket system based on the Blue Streak and Black Knight 
design. Whether or not this plan wull take effect is at present undecided.. 
I will mention the Sc.out plans first. 

The offer by the United States to launch equipment designed and made 
in other countries was made to the members of COSPAR (the International 
(Committee on Space Research) in March 1959. It was clear that Britain could:, 
gain much by taking up this offer. Our scientists had acquired 4 or 6 years 
experience with Skylark experiments, and some were in a good position to* 
take the next step into satellite experiments. If it should be decided'to launch. 
British satellites with British rockets eventually early experience in Scout 
would be of great value. On the other hand, if no British launching took place, 
Scout seemed to offer the one certain way for our scientists to enter this new 
field. This is not to say that there are not many advantages in having a 
programme entirely under our control, but simply to recognize the fact that 
the very generous American offer could hardly fail to be of great value to us. 
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Accordingly plans were made for ns to instrument several Scout satellites, 
to be launched within the next few years. 

' The Scout satellite launching system comprises a 4-stage solid propellent 
rocket booster. This is capable, in broad terms, of placing about 70 kg into 
an orbit of about 480 km altitude. There is of course a correspondence between 
payload weight and orbit. The Americans will undertake to launch the satel¬ 
lites carrying our payload, and in the first instance at any rate, will provide 
us with auxiliary services such as telemetry and power supplies. Launching 
will probably take place from a range on the East Coast of XJ.S.A. and we 
expect orbits to be achieved which will bring the satellite over the United 
Kingdom. 

As usual, most Scout satellites will be « custom built » to meet the needs 
of particular groups of experiments, but broadly speaking the satellite can be 
thought of as a sphere some 2 feet in diameter, with antennae and other 
excrescences as needed. It will enter orbit spinning rapidly about its axis- 
This not only gives stability, but is advantageous in other ways, such as giving 
automatic scan for suitably mounted instruments. The availability of solar 
cells, giving power supplies adequate for a year’s operation, and the opportunity 
to use some of the facilities of the American telemetry and data acquisition, 
network, make Scout a very attractive vehicle for new-comers to the field. 
Nevertheless it is not difficult to envisage experiments for which it appears 
to be imsuitable. 

The choice of British experiments for incorporation in Scout satellites na¬ 
turally is restricted to those compatible with the facilities and with other 
experiments in the same satellites. It is also necessary that the scientific groups 
concerned should have prior experience with rocket-borne experiments. It is 
also of course important that an experiment should not mainly be a dupli¬ 
cate ^unless there are special reasons—and should fit in sensibly with the 
international picture of space research. This can be ascertained through the 
channels provided by OOSPAE,. 

Eor the first U.K. Scout payload a natural choice for the « core » of the 
experimental program was the direct study of the electrical properties of the 
ionosphere. Ever since the pioneer experiments of Appleton, British scien¬ 
tists have played a leading part in studying this important region of the 
ionosphere. 

Two research groups, one. under Prof. J. Sayers at Birmingham Univer¬ 
sity and one under Dr. E. L. E. Boyd and Dr. A. P. Willmore at University 
■College, London, have been developing the techniques for laboratory study 
of ionized gases such as the ionosphere. 

Successful measurements have been made by both groups with instru¬ 
ments carried in Skylark rockets, and they are now preparing to extend the 
observations by using the Scout satellite. The University College group have 
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developed a probe for tbe measurements of electron temperature and electron 
density and two such probes will be mounted on a satellite, one on the base 
and one at the end of a boom. An identical boom on the other side of the 
satellite will carry the Birmingham University capacity probe, also, for the 
measurement of electron densities. A mass spectrometer for the determination 
of ion species will be provided by University College, who are also instru¬ 
menting the satellite with solar X-ray and Lyman-a intensity sensors; in this 
way the solar disturbances which affect the ionosphere can be monitored whilst 
the ionosphere itself is being studied. A solar aspect sensor will be carried to 
assist in the interpretation of the solar data. 

In addition to these ionospheric experiments a cosmic ray experiment has 
been devised by Prof. H. Elliot of Imperial College London. The equipment 
win measure the flux of low energy cosmic ray particles of mass number greater 
than 6 and energy below 10^® eV. The sensor is mounted in the centre of the 
top dome of the satellite with the mass spectrometer above it. 

This Scout International Ionosphere Satellite S-51, as it is known, carries 
four solar cell paddles which produce about 8 W, to charge chemical storage 
batteries which in turn power the equipment. The measurements are tele¬ 
metered by a modified version of the Vanguard telemetry. An electronic encoder 
sub-multiplexes the various inputs and produces a series of P.M. bursts et 
a rate of 50 per second on a 136 MHz carrier, the frequency of each burst being 
an analogue of the voltage being telemetered. The transmissions are received 
at stations belonging to the Minitrack network and are recorded on magnetic 
tape. The tapes go to a data handling centre where the E.M. levels are con¬ 
verted to digital numbers and the data are prepared for computer analysis. 
It is expected that half a million data points will be collected each day. 

A tape recorder is incorporated in the payload to enable data to be col¬ 
lected throughout a complete orbit at a much slower rate than with direct 
telemetry, and played out on command from a ground station. 

The satellite is expected to have an apogee of about 1000 km, a perigee 
of about 320 km, and a lifetime of about 1 year. 

Finally brief mention should be made of the plans now afoot for a Euro¬ 
pean Space Eesearch Organization. The United Kingdom is taking part in 
the work of the Preparatory Commission, and in the several working groups 
which have been set up by the Commission to discuss the proposed scientific 
programmes for both rocket and satellite launchings. It is very much hoped 
that before long this planning will give way to the actual setting up of a new 
small rockets launching range, a satellite payload engineering unit and a data 
and tracking centre and that Europe will embark on its own co-operative 
programme of space research. 



Cosmic Ray Measurements in the U.S./U.K. Satellite S-51. 

H. Bluoi (•) 

Im/perial Oollege - London 


1. - Introduetion. 

Tlie importance of tlie interplanetary magnetic field as a connecting link 
between many solar and geophysical phenomena has been repeatedly stressed 
during tin'a coiirse. We have also seen that although direct measurement of 
the field, using space probes, is now possible it will be a long time before a 
comprehensive picture of the large scale structure of the field is built up by 
this means. Meanwhile the cosmic rays can, in principle at any rate, provide 
a good deal of useful information about the average characteristics of the field. 
This is especially true now that it is possible to think in terms of protracted 
measurement of the primary intensity variations using satellites. By this 
means we can investigate not only the intensity variations of those primaries 
sufi&ciently energetic to produce progeny capable of penetrating to mountain 
altitudes or sea-level but also those lower energy primaries which are most 
sensitive to the magnetic fields we wish to measure. 

In the present experiment it is proposed to investigate the cosmic ray spec¬ 
trum by using a Cerenkov detector to measure the intensity of heavy nuclei 
(Z>6) as a function of latitude. The energy spectrum can then be determined 
from the known values of the minimum energy which a particle must have 
in order to penetrate the earth’s magnetic field at a given latitude. The ad¬ 
vantages of measurements carried out in this way are: a) it avoids the invali¬ 
dation of cosmic ray measuremeuts by inadvertent detection of Van Allen par¬ 
ticles; &) it avoids the introduction of uncertainties by albedo particles scat¬ 
tered back from the atmosphere. 

The detector will sweep through the cosmic ray energy spectrum four times 
on each orbit, giving a virtually continuous check on its variation with time. 


(*) The others members of the team concerned in this work were: Dr. J. J. Quenby, 
IVtr. A. C. Durnby and Mr. B. W. Matne. 
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In addition, it is intended to carry out aeroplane surveys at the same time so 
that the intensity distribution in the atmosphere can be uniquely related to 
the primary spectrum. It is hoped by this means to obtain a sufficiently accu¬ 
rate relationship for the primai*y spectrum to be determined at any future 
time simply by an aeroplane survey. 

A large and a small Geiger counter will be included in the instrument package. 
On those parts of the orbit where the satellite is outside the Van Allen belts 
the large Geiger will give a measurement of the energy spectrum of the primary 
cosmic ray protons and also bursts of solar jirotons in the same way as the 
Cerenkov detector measures the heavy particle spectrum Thus it is hoped 
to be able to compare the proton and heavy particle spectrum as a function 
of time. Inside the Van Allen belts the large Geiger counter will saturate but 
the small Geiger counter will be able to count a much higher particle intensity. 
It is hoped to obtain data on the time variations of the trapped radiation from 
the small counter rate. 


2. - Operation of the sensor. 

The Cerenkov detector consists of a hollow perspex sphere, 4 in. in diameter, 
together with an B.M.I. 6097 photomultiplier of 2 in. in diameter which looks 
into a hole cut in the surface of the sphere. Cerenkov light flashes produced 
by cosmic rays in the wall of the sphere are detected by the photomultiplier. 
The pulse output of the tube is fed to a discriminator which only accepts pulses 
corresponding to primary nuclei of Z>i) and rejects smaller background pulses 
due to lighter nuclei and the Van Allen particles. Output from, the discri¬ 
minator is fed to a chain of eight binaries and the contents of this store are 
sampled by both the data storage and direct telemetry encoders, 

In flight calibration is provided since the Cerenkov counting rate is sensi¬ 
tive to the overall gain of the system. An a-particle source embedded in a 
scintillator will be used to provide standard light flashes for the lohotomul- 
tiplier. These light flashes are smaller than those produced by the 
of heavy nuclei through the perspex sphere and will not normally pass the 
discriminator. When the binary store is filled by cosmic ray counts, an elec¬ 
tronic switch will reduce the attenuation of the photomultiplier output pulses 
to allow the a-particle xiulses to trigger the discriminator. After these calibra¬ 
tion pulses have filled the store, the switch will return the attenuation once 
again to the level for heavy nuclei. Thus a standard counting rate is provided 
for a fraction of the time on the telemetry so that the system gain may be 
continuously monitored. 

The complete instrument package is located on the spin axis at the forward 
end of the satellite with the perspex sphere protruding outside the satellite 
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surface and tlie photomultiplier and associated electronics just inside. Primary 
heavy nuclei can arrive at the sphere from the forward solid angle where 
the amount of shielding is in general less than 1 g/cm®' hut are absorbed by 
the satellite structure in the backward 2:7r solid angle. It is advantageous to 
locate the Cerenkov detector on the spin axis since the direction in which it 
sees cosmic rays only changes slowly in time with respect to the earth’s sur¬ 
face and the geomagnetic field. The effect on the cosmic ray intensity of both 
the absorption by the earth and the deflection by the geomagnetic field must 
be taken into account in the analysis of the results. 

The Geiger counters are placed in the instrument package with structure 
shielding of the order of 2 g/cm® from the outside in the forward direction. 
The effective length and diameters of the coimters are respectively 6 cm and 
2 cm for the larger and 1 cm and 0.3 cm for the smaller. An additional 1 mm 
of lead is put round the small counter. Both counters feed in parallel a chain 
of 13 binaries and the contents of this store are read periodically by both the 
data storage and direct telemetry encoders. If the counting rate of the large 
geiger tube exceeds capacity of the binary store, an integrating circuit turns 
it off with the result that only the smaller counter remains operative, so in¬ 
creasing the dynamic range of the system. 


3. - Sensor structure. 

A diagram of the sensor 
is shown in Pig. 1. The per¬ 
spex sphere is contained in 
an aluminium dome, 5 in. 
in diameter and 4 in. high, 
protruding outside the satel¬ 
lite skin, to which the stalk 
of the University College 
probe is attached at the top. 
Bccofoam serves as a pack¬ 
ing between the sphere and 
the aluminium container. 
The sphere temperature must 
be kept below 70 ®C, the 
softening point of perspex. 
A light-tight air leak is pro¬ 
vided between the interior 
of the sphere and the out¬ 
side surroundings. 
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An alnmininm cylinder 6| in. in diameter and 5 in. deep is attached under 
the dome inside the satellite and contains the photomultiplier, Geiger counters 
and electronics. The photomultiplier, 5|in. long, is placed along the spin 
axis and looks into a 2 in. diameter hole cut into the wall of the sphere. Some 
of the electronics, together with the two Geiger counters, are located in an 
annular space around the photomultiplier, and this whole is potted in eccofoam 
and placed in a brass shielding canister. The canister is floated in a foam 
material to reduce the vibration acting on the photomultiplier. The remainder 
of the electronics is situated in a further ring surrounding the floating canister, 
and this also is potted in eccofoam. 

The estimated weight of the potted sensor, excluding the additional encoder 
circuitry, is 5.7 lb. The C. of G. is on the spin axis, 3Jin, up from the lowest 
surface on the base of the electronics cylinder. The M. of I. about the spin 
axis is 0.2 lb. ft! and about an axis through the C. and G. and perpendicular 
to the spin axis of the M. of I. is 0.09 lb. ft!. 

4. - Sensor electronics. 

A block diagram of the electronic circuitry is shown in Fig. 2. Two input 
power supply lines are required, 200 inW at (—9±1)V and 100 mW at 
The — 9Y line is fed to a DC converter producing a very 
stable —6V line which is used to supply the E.H.T. converter, the emitter 
follower, the discriminator, and the gate circuits. 



Fig. 2. 


felemelry 
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The DC converter incorporating a corona stabilizer supplies the 60 M O 
dynode chain of the photomultiplier with —1000 V, and this E.H.T. voltage 
was designed to have a i 4 V variation for a ± 1 V variation on the — 9 V 


Table I. — Output voltage « T » under various eonditions. 


Supply volts 

Output 

with 100 kD load C') 

Output 

with 50 kn load (*) 

5 

3.5 

■ 

3.1 

6 

4.3 

3.9 

1 

7 

5,0 

4.7 

(•) Load raaistor D.' 
Note: the binary ualta v 
supply. 

0. coaa3obed bsbweea output 
nil b3 operated from the un; 

and earth. 

stabilized — 6.5 V (± 1 V) 


input supply. Pulses from the photomultiplier are fed via an emitter follower 
and an attenuator to a discriminator. The discriminator level is designed 
to be stable to ±3% for ±1V variation on the —9 V input supply, and 
the attenuator is switched to permit measurement of either the calibration 
source or the cosmic ray rate. 

The discriminator output goes via a gate circuit to the chain of eight 
binaries. Pigure 3 shows the circuit of a single binary together with the size 
of the output waveform as a function of supply voltage. The outputs of the 
first six binaries are fed to the input gates of the high speed encoder, while 
the outputs of the last six binaries are fed to the input gates of the low speed 
encoder. When a particular information channel is to be sampled, the gate 
circuits feed three of the binary outputs to a digital oscillator which takes up 
one of eight different frequency levels, depending on the state of the three 
binaries. This frequency output is then put on the tape recorder in the case 
of the low speed encoder, and goes to modulate the telemetry transmitter in 
the case of the high speed encoder. Thus to read the binary store two channels 
are required on both the data storage and the direct telemetry systems. 

While the low speed encoder is sampling the binary store, it is arranged 
that the gate circuit placed after the discriminator prevents any output reaching 
the first binary. This is done because the state of the binaries may change 
during the time taken to sample both binary sets. The gate circuit is driven 
by a pulse from the low speed encoder which has a quiescent level of +6.7 W 
and goes to —2.7 V during the period when the state of the two sets of bi¬ 
naries is read by the digital oscillator. Zero current is drawn from the encoder 
at + 6.7 V and 10 (xA at —2.7 V. 
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An electronic switch working from the output of the last binary will change 
the value of the two-position attenuator and successively feed the cosmic ray 
counting rate and the calibration pulse rate into the telemetry systems. When 



+ ve 2ps 6V 


OV 


1 


■7 


V volt 


b) 


rig. 3. - 


f zero to-0.2 volt 

a) Circuit details. The output is a square wave, b) Output voltage « V 


the binaxy store is fitted, the flip-over of the last bma^ 
a switching binary, the ontpnt of which detemnnes the 

uation. In order to tell which attenuation value is being used, the switohing 
binary output is also fed to both the low and high speed encoders as one 
the three binary elements in information channel C4, the other two elements 

being taken from the Geiger counter store. . „ 

Appropriate voltages for the Geiger counters are tapped 
chain. The anode to cathode voltage of the larger “^odffl 

the working voltage at counting rates in excess of that which the 
can handle. Pulse outputs from the two conntOTS are ““^ed 
gate circuit to a chain of thirteen binaries. Numbera 2 to 12 are J . 

high speed encoder and numbers 3 to 13 are read by the ow spee ■ 

The design of the binaries and the method of samphng by 
similar to the case of the Oerenkov channel. Thus four channels of both the 
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data storage and the direct telemetry systems are required. The gate circuit 
stops extra pulses being fed to the store while the low speed encoder sampler 
the four sets of binaries and works from similar pulses to the Cerenkov chan¬ 
nel gate. 


5. - General considerations. 

The basic requirement was to design the cosmic ray analysing equipment 
so as to form a compact package suitable for launching in a research satellite. 
The objectives in this work were 1) reliability, 2) economy in power con¬ 
sumption, 3) low weight, and 4) small size. The first two objectives were 
of paramount importance: the last two were subordinated to them. In ad¬ 
dition, the equipment was required to work over a temperature range of 
—10 to H-60 °C. 

The circuitry can be considered to comprise four basic sections, the power- 
imit, the Cerenkov channel, the Geiger channel, and the data storage unit.. 

Silicon transistors, rectifiers and Zener diodes are employed throughout. 
Solid-electrolyte t.antalum capacitors are used for high values of capacity and. 
paper capacitors for medium values. Tor high working voltages and for small 
capacitances ceramic capacitors are used. The resistors are of the cracked, 
carbon high-stability type. A total of 121 semiconductors are employed of 
.which 66 are transistors. The total power consumption is less than 300 mW. 

The whole equipment is housed in an aluminium container measuring ap¬ 
proximately 9.6 in. high and 6.5 in. in diameter. Its weight is 4.5 lb. 


6'. - Power supplies. 

A number of factors influenced the selection of a power supply voltage- 
Since much of the circuitry is concerned with microsecond pulses, it is desir¬ 
able to keep impedance low and a low supply voltage is helpful in this respect. 
Furthermore, a low supply voltage is conducive to power economy, a factor 
of a paramount importance in satellite instrumentation. Finally, the two fac¬ 
tors, drift and circuit accuracy, have to be considered. Since these factors; 
often depend on the stability of transistor parameters, it is important to keep- 
the signal voltages high compared -with the magnitude of the changes due 
to transistor variations. With these points in mind, the voltage selected from 
the power supplies available was 6 V. This, however, was an unstabilized, 
supply, varying by about plus and minus one volt. It was immediately ap¬ 
parent that a far more stable supply was needed for the discriminator, emitter 
follower, and e.h.t. convertor and accordingly a 9 T line as well was selected 
to supply a voltage stabilizer giving a stabihzed 6 V, controlled to plus or- 
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minus 1%. The design of this stabilizer is largely conventional embodying 
a silicon Zener diode voltage reference, a long-tailed pair d.c. amplifier, and a 
2-stage series circuit, i.e. four transistors in all. Compensation is also applied 
to produce a higher stabilization ratio than that which could normally be 
obtained. 

The e.h.t. converter is fed from this stable 6 Y line. It is a single-transistor 
convertor using a ferrite-core transformer and producing 150 Y at the secon¬ 
dary. This secondary winding drives a voltage-multiplying Cockcroft-Walton 
ladder of eight silicon diodes to produce a 1200 Y e.h.t. supply. The high 
oscillation frequency of 16 kHz was chosen for the convertor in order to keep 
the size of the capacitors in the ladder small. This high frequency also reduces 
the size of the filter required to isolate the e.h.t. convertor from the rest of the 
circuitry connected to the 6 Y stabilized line. The ftlter consists of a 1.6 mH 
ferrite-core inductor and two 150 yiF capacitors included in the supply lead 
to the convertor. A low secondary voltage followed by voltage multiplication 
was chosen to enable conservatively rated silicon rectifiers to be used, and to- 
ease the problem of secondary-winding insulation. The efficiency of the con¬ 
vertor, including the voltage multiplier, i.e. from 6 V input to 1200 Y output^ 
is 75%. A corona stabilizer is connected across the 1200 Y line so giving a 
stabilized 1000 Y supply maintained to within 0.4%. The photomultiplier 
dynode chain is connected across this 1000 Y line; the Geiger tube supplies- 
are derived from this chain. 


7. - Cerenkov channel. 

The photomultiplier generates negative going pulses of microsecond dura¬ 
tion and of a few hundred millivolts amplitude at an impedance of about- 
500 kCl. To reduce this impedance to a more convenient level, a two-stage 
emitter follower was designed, using high-speed silicon transistors, to give an 
input impedance in excess of 1 MQ, with sufficiently low input capacity to- 
handle these pulses with a minimum of distortion. The output impedance is 
a few kilohms. 

The emitter follower feeds into a switched attenuator, which is simply a- 
resistor switched in and out of circuit by a transistor. Since in one condition 
this transistor is required to present an open circuit to fast pulses a very low 
collector capacitance is called for and the type of transistor used was chosen 
with this in mind. 

The discriminator is of the emitter-coupled monostable type and a single 
resistor is employed to set the discrimination level. This is necessary since- 
each equipment is individually calibrated and adjusted to allow for such varia¬ 
tions as the photomultiplier gain. 
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The pulse amplifier and gate consist of a grounded-emitter limiting ampli¬ 
fier, with, its input shunted by a transistor which is switched, via another 
transistor, by the gating pulse. 


8. - Geiger channel. 

Two Geiger tubes are used, one of high and the other of low sensitivity. 
Their outputs are connected in parallel and the circuit is arranged so that in 
high radiation regions the high sensitivity tube passes sufficient current into 
an integrating network to reduce its supply voltage to below the operating 
plateau. The two inputs are fed directly into a pulse amplifier and gate similar 
in design to those in the Cerenkov channel. 


9. - Data storage unit. 

The data storage section is composed of 22 binary stages, eight for the 
Cerenkov channel and 14 for the Geiger channel. These are of conventional 
form but designed to operate with maximum power economy from one supply 
line only, i.e. the — 6 V stabilized supply, each binary stage consuming 2.4 mW. 
Here, to some extent a compromise is made between economy and maximum 
operating speed. Beduction of current consumption leads to higher impe¬ 
dances and with given transistors a lower maximum speed results. Most of 
these binaries will operate up to 30 kHz, although 10 kHz is considered to be 
the reliable maximum for production modules. Since the maximum pulse rate 
expected in this equipment is 1000 per second, there is an ample safety margin. 


10. - Mechanical considerations. 

It is considered that, when using conventional components, the greatest 
component density is achieved by using a « sandwich » form of construction. 
In this arrangement, the components are strung between two parallel printed- 
circuit boards, care being taken to choose components of approximately equal 
lengths. This form of construction has been adopted as far as possible in this 
equipment. 

Since there are 22 identical binary units, these were treated as individual 
modules in « sandwich »■ construction, each measuring approximately 1 in.sq. x 
xfin. deep. 

The basic mechanical arrangement of the analyser is determined by the 
photomultiplier which must be resiliently mounted. Further more, since it 
was considered undesirable for high voltage leads to pass through the resilient 
material, the d.c. convertor and associated circuitry have been mounted with 
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lO photomultiplier. Long leads at high, impedance are also undesirable and 
* the emitter follower is likewise included with the photomultipher as are 
le Geiger tubes and their immediate circuitry. All these units are housed 
L a perforated brass cylinder divided into compartments to screen the high 
npedance circuits from the e.h.t. conyertor. The whole is floated in neoprene 
jam. The remainder of the circuitry is embodied in three separate toroids 
round the cylinder, one of « sandwich» construction and two carrying the 
dnary modules. 

A detachable dome assembly, housing the perspex sphere, fits over the cathode 
ind of the photomultiplier. 

All the electronic circuitry is encapsulated in « Eccofoam» a proprietary 
•igid foam-in-place polyurethane resin which contributes to the rigidity of the 
■itructure. 

Aluminium was chosen as the material for the container and since the 
instrument took a cylindrical form, of three different diameters, with a hemi¬ 
spherical end, spinning was selected as the method of manufacture. This 
avoids welded or rivetted seams and produced a continuous metal structure 
without the expense of machining from the solid. 

The external finish above the satellite skin is a high polish ready for the 
application of the correct thermal coating. 


Note added in proof* 

In the final flight version of the cosmic I’ay sensoi*, the large G.M. tube was omitted 
together with the calibration source. The calibration mode was used to provide a 
second discriminator level for fhe detection of particles with iJ>2. Thus the sensor 
first counts 2fifi parf icles with i? > 6 and then switches over and counts 256 particles 
with J?' > 2, and so on. 


‘Ml - Tiendiconti - XIX. 



Research and Research Plans at Kiruna Geophysical Observatory. 

B.-A. Bettnbbes 

The Moydl Institute of Teehnology - Stochholm 


1. - Introduction. 

Tlie Kixuna Geophysical Obseryatory was formally opened in July 1967 
after a decade of planning. It is situated in the northern part of Sweden in 
the town of Kirnna at the geographical co-ordinates, lat, 67.8° long. 20.4° E 
and thus in the auroral zone (Fig. 1). The observatory belongs to the Royal 
Swedish Academy of Science. 

Dr. B. Htjltqyist has been the director since the start and about 20 people 
are attached to the observatory at present. It is already fairly well eq[uipped 
and enables geophysicists interested in arctic phenomena to carry out research 
under the most favourable conditions. 

The observatory consists of a main building and a series of smaller build¬ 
ings for housing various types of instruments. The observatory covers an area 
of 22 km^, which provides good possibilities for future expansion, including 
the establishment of observing sites, where measurements over base lines of 
several kilometers are desirable. The geographical location is particularly sig¬ 
nificant with respect to the Geophysical Institute in Fairbanks, Alaska, be¬ 
cause the two observatories are approximately 180° apart in longitude. This 
circumstance makes it possible for the two laboratories to undertake certain 
important types of trans-polar research projects on a co-operation basis. 

The main building of the Kiruna Observatory contains a series of labo¬ 
ratories, dark-rooms, administrative offices, library and seminar room, dining 
room, living quarters for investigators, a well-equipped mechanical workshop 
and other necessary facilities. General laboratory services are available in 
each of the rooms. 

On the top floor of the main building is a glassed-in laboratory which is 
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also connected to tlie cen¬ 
tral heating. Above this 
laboratory is an open deck 
on which equipment can 
be mounted requiring all 
round viewing conditions. 
The mounting facilities 
are provided with supports 
which go down to foun¬ 
dations and are not con¬ 
nected with the building 
itself. 

After this general pre¬ 
sentation of the observa¬ 
tory I will tell you a little 
about the research work, 
which is going on there. 
Much of this work is col¬ 
lected under the following 
heading: « Bjlectro-magnet- 
io phenomena in the up¬ 
per atmosphere or at the 
earth’s surface which are 
correlated with each other 
and strongly depend on the 
conditions on the sun. » 

The following table gi¬ 
ves a survey: 
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All the above mentioned investigations are carried out by automatic re¬ 
cording on film, paper or tape. 


2. - Geomagnetism. 

Measurements of the earth’s magnetic field in the three components have 
been made since 1950 at a place not far from the new observatory and is now 
continued in the new buildings. The result is automatically coded on paper- 
tape, which every day is transmitted to Stockholm on a teleprinter and there 
evaluated in an electronic computer. 


3. - Auroral observations. 

Aurora is observed in Kiruna by optical methods as well as by reflexions 
of radio waves. Among the optical methods is taking photos with an all-sky 
camera and spectrophotometric measurements. The all-sky camera records 
every night during the darker part of the year. It was constructed by Stoff- 
regen and started to operate during the geophysical year 1957-1958. 

The apparatus consists basically of a spherical mirror, which projects the 
whole hemisphere via a plane mirror into a 16 mm cine camera. One picture 
is taken every minute with an exposure time of about 6 s. The films are not 
analysed in Kiruna, but sent to the different world centers for aurora, that 
were set up during the geophysical years, one of which is in Stockholm, 

The spectro-photometer consists of a system of plane mirrors which is rotated 
and scans different parts of the sky. The light is collected by a parabolic mirror 
and an optical system, passes through a filter which selects the wanted fre¬ 
quency range and then enters a photo-multiplier. The signals from the photo- 
multipher are finally recorded on tape or on an oscilloscope. The photometer 
is used to investigate auroral spectra with the chief stress laid upon rapid time 
variations. Absolute measurements of auroral intensities, studies of rapid 
variations of the signal (up to 20 kHz) and determination of the luminosity 
curves in six different spectral ranges are done. 

Aurora is also studied by reflected radiowaves from the discharge. About 
600 km south of Kiruna there is an P-M transmitter working at 90 MHz. If 
the antenna at the observatory is directed towards the transmitter, no signals 
are received because the transmitter is below the horizon, but when during 
aurora the antenna is directed towards north, signals are received. The re¬ 
flected wave is modulated by the auroral discharge and a study of the « fading » 
can tell us something about the physical properties of the auroral mechanism.. 
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4. -o Ionosphere. 

Investigations of the ionosphere with a Radiosonde in the traditional man¬ 
ner, started in Kiruna as early as 1948 and are now carried out at the new 
Observatory. 

Rio-meter (relative ionospheric opacity) is a receiver for cosmic radio noise 
and measures the absorption in the ionosphere of this noise at about 27 MHz. 
The apparatus has proved extremely important when studying ionisation phe¬ 
nomena in connection of solar outbursts. 

A radio-interferometer for studying radio-astronomical sources consists in 
principle of two receiving antennas at 
a certain distance from each other. 

For a given frequency, the max¬ 
imum intensity is recorded in principle 
when: 

n'X = a • cos a , 

where n is a whole number and X is 
the wavelength see Fig. 2. The an¬ 
tennas are helices. 

A swept frequency interferometer means that the frequency is continuously 
varied (in Kiruna between (35-^65) MHz). Such an interferometer has several 
advantages in comparison with a fixed frequency instrument as for instance 
when determining the frequency dependence of the measured emissions- The 
swept frequency also permits accui'ate measurements of rapid movements of 
the source. 

Radio propagation investigations over the polar cap are performed in col¬ 
laboration with the Geophysical Institute, Gollege, Alaska. Thus in Kiruna 
transmissions on 12, 18 and 24 MHz from Alaska are continuously recorded. 
The signal strength of the Rugby transmitter in England (16 kHz) is also 
recorded. 

Cosmic ray intensity variations, are recorded by two directional Geiger- 
Miiller tube telescopes pointing north and south as well as by the international 
standard cubical telescope. I may, in this connection mention, that at present 
there are two cosmic ray intensity recording stations in Sweden, in Kiruna 
and in Uppsala near Stockholm. I)r. SANDSTBfiM in Uppsala is responsible 
for these stations. The important task is to compare the time variations, 
measured at the stations after corrections for the geomagnetic deflection of 
the primary particles and the atmospheric influence, thus trying to find the 
strength and direction of any cosmic ray anisotropy that exists. There are 
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also measurements from Spetsbergen directional telescopes available for 

the period August 1957-April 1959 and it 'will be most valuable to see if these 
three stations give a consistent picture of the cosmic ray conditions around 
the earth during this period. 

No'w WB have gone through the list. It is naturally of great advantage to 
have at the same observatory, such a wide field of difierent registrations of 
geophysical phenomena. However, there are quite a number of other meas¬ 
urements carried out as for example: 

Meteorological readings of air temperature, air pressure, humidity, rainfall, 
time of sunshine and temperature at different depths in the earth’s surface. 

SeismograpMo registrations are favourably carried out in Kiruna, where the 
rock is especially good for this purpose. On the seismographic recordings it 
has been possible to distinguish atomic bomb explosions as well as the « noise » 
from the hea'vy sea along the Norwegian coast. 

Air sampling for measurement of the artificial radio activity in the atmos¬ 
phere as well as certain chemical investigations. 

This was the survey I wanted to give about this research work going on 
at Kiruna Geophysical Observatory. The plans are to continue this program 
for a long period of time, which is of great importance to do, because the 
registrations of geophysical phenomena 'with the same instruments have to 
be carried out during long periods, (of the order of a solar cycle) to give the 
most complete information. 

One acti'vlty, which probably 'will be of great importance for the obser¬ 
vatory in a near future is space research by means of vertical sounding rockets. 
The present Swedish plans are to begin launchings from a rather small range 
near the polar circle this autumn. The first experiments will be meteorological 
investigations at heights between (60-^90) km. Artificial clouds will be created 
at these heights and their movement observed by optical methods. Thus 
giving information about wind velocities and turbulence. It is a rather simple 
experiment suitable for a start in rocket research but we hope it will give 
valuable information especially about the physics of the noctilucent clouds 
which are frequently observed at these latitudes during some weeks during 
the spring and the autumn. Small american rockets 'will be used. 

The present Swedish range is, however, too small for future experiments 
at higher altitudes and negatiations are going on in order to make it possible 
to have a launching range in the -vicinity of Kiruna (Fig. 1). Such a range 
may also be of importance for the European Space Eesearch Organization 
(ESBiO), which is now being planned. 

There is a whole range of interesting investigations to carry out by means 
of rockets in the auroral zone. In particular, the measurement of the flux, 
energy- and directional distribution of electrons and protons as a function of 






Programs of Radioastronomy in Italy. 

M. Cbocarelli 

Istituto di Fisica delVXIniversitd - Bologna 


1. - Solar research. 

The largest part of solar radioastronomy research is carried out at present 
in Italy at the Astrophysical observatory in Arcetry. The observatory is 
eq[uipped at present with three instruments; an array of four helical antennas 
working at 220 MHz, a five metre parabolic mirror at 1400 MHz and a two 
metre mirror at 10 kHz. All three instruments are connected to «total power 
receivers» and are engaged in the continuous survey of the Sun. In ad¬ 
dition to these there has been recently mounted a two element interfero¬ 
meter, also working at 220 MHz, for a better angular discrimination of active 
regions of the Sun. 

Solar research is also performed at the Bologna radio observatory by 
the use of the existing radio telescopes which consist of a parabolic cylinder 
mirror (7 x 110) m large, and of a ten meter diameter parabolic mirror, both 
working at 327 MHz. These instruments are used daily to obtain transit 
records of the Sun and to study occasional phenomena such as the occultation 
of the Crab Hebula radio source by the solar corona. 

Bor the future, the Florence group envisages the possibility of completing^ 
the equipment for solar studies by the construction of a radio spectrograph. 
The antenna for this and other instruments will probably be a ten metre para¬ 
bolic mirror having mechanical tolerances of the order of one millimetre and 
which should be dehvered by an Italian factory within about one year. 


2. - Galactic and extragalactic research. 

The major activity of the Bologna radio astronomy group is a at present 
to design and construct a large antenna together with the corresponding re¬ 
ceiving system, particularly suited for high resolution studies of galactic and 
extra galactic sources. 
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The form and dimensions of the instrument, operation frequency, receiving 
system etc., have been fixed by various considerations involving both the 
economic side of the programme, the international standpoint of this sort of 
research and the necessity of equipping the country with a high class instru¬ 
ment within a reasonably short time. 
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* 

The chosen design has been that of a cross antenna, each arm having a 
length of about 1200 m and an area of about 30 000 m^, operating at a fre¬ 
quency of 408 MHz. The arms will be made by parabolic cylinder mirrors ^ 
a type of construction which allows such large dimensions at a comparatively 
low price. Fig. 1 is a photograph of the first two parabolic sections of the 
E-W ai'm. Fig. 2 is a model of the N-S arm. 

The E-W arm is a single cylinder of steel wires supported by 50 para¬ 
bolic sections (Fig. 1). 

The N-S arm (Fig. 2) will be formed by 128 parabolic cylinders which can. 
be rotated in the meridian plane and are spaced so as to avoid mutual shadowing^ 
when they are pointed away from the zenith. The beam of such a discon- 



Fig. 2. 


tinuous structure -will of course have secondary maxima; these are however 
eliminated by multipl 3 ring the liST-S pattern by that of the E-W arm, whiclx 
is narrower than the fringe spacing. A discussion of the electronics is entirely 
outside the purpose of this lecture; we might simply say that the design fore¬ 
sees the use of 32 parametric diode up-converter preamplifiers, distributed along 
the two arms of the cross, and the simultaneous recording and electronic prepro¬ 
cessing (parasitic cut-off, integration, etc.) of at least 15 independent beams each 
covering an angle of about 4x4 minutes of arc. Detailed research programmes 
with such an instrument, which will be operating only in about two years, will 







International Agreement 

as a Vital Factor in Radio Astronomy and Space Research. 

H. C. VAN DE HuLST 
Leiden Observatory. 


1. - Introduction. 

International organization exists in sport, in business, and in most pro¬ 
fessions, and since it is generally unavoidable in the present world, it must 
also exist in science. Tlie interesting problem is not why it exists but whether 
active scientists (like us) should become involved. In sport, international 
matches are played but the players themselves do not interrupt their training 
for travelling around to discuss rules, to fix dates, and to settle disagreements. 
This job is done by people who are not, or are no longer active athletes. If 
this example were a good precedent for science, the conclusion would be: let 
active scientits occasionally go to a symposium, but let them strictly avoid 
losing time in organizational meetings. I suppose this attitude has a natural 
appeal to you, and needs no further elaboration. 

Now I am going to defend the opposite point of view, namely: all active 
scientists in our fields (radio astronomy, space research, etc.) should be aware 
of the need for international agreement, and some of them should spend con¬ 
siderable time in organizational work to reach such agreement. 

Some organizations, to which I shall refer, are listed by their common 
abbreviations in Table I. It is easier to list their names than their functions, 
because (as in any organism) these functions change continuously. There are 
also certain ailments (including arteriosclerosis) and very complicated mutual 
relations via official channels and by «induction ». 

I can get to the point most (Quickly by starting at the difficult end, namely 
by listing some functions which these organizations have to perform. It will 
become clear, I hope, that some of these functions must be exercised at a 
level of agreement between nations (= governments), whereas others should 
be agreed among colleague scientists. 
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For instance it may be clear at once (after looking up tbe full names in 
Table I) that WMO and lAMAP, tbougli they deal both with scientific and 
organizational problems in the same field Meteorology, may quite well exist 
side by side with different functions and different emphasis on these problems. 

Table I. - Home organizatiotis referred to in this talk. 


World-wide governmental 
(national representation by governements) 

UNO United Nations Organization 

UNIC8CO United Nations Educational, Cultural and Scientific Organization 

WMO World Metereological Organization 

ITU International Telecommunications Union 

CCIll Consultative Committee for International Radio 

IFRB International Frequency Registration Board 

ICAO International Civil Aviation Organization 

World-wide nongovernmental 

(national representation by Academies and similar bodies) 

International Council of Scientific Unions 
International Astronomical Union 
International Union for Pure and Applied Physios 
International Scientific Radio Union 
International Union of Geodesy and Geophysics 
International AssociAtion for Mefioorology and Atmospheric 
Physics 

International Association for Geomagnetism and Aeronomy 
Special Committe for the International Geophysical Year 
(<liscontinued) 

COSPAR Committee on Space Research 

lUCAF Inter-Union Committee on the Allocation of Frequencies 

CETEX Clommission on the Contamination by Extra-terrestrial 
K xidoration 


Regional 

(Western Euroiio) 

Centre Europ6en des Recberches Nucldaires 
(Ih-eparatory commission for the) European Space 
Research Organization 
European Southern Observatory 


ICSU 

lAU 

IUPAl> 

URSI 

IIJGG 

lAMAP 

lAGA 
CSAGI 


CERN 

COPERS--EBRO 
ESO 
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Groups of colleagues, witli contacts through correspondence and visits have 
always existed, and have gradually grown into the «International Scientific 
Unions », such as I.A.U., U.R.S.I., I.U.P.A.P., etc. A typical assembly of 
these Unions comprised about 60 people in 1920, but is more nearly 1000 
people in 1960. They have developed an elaborate substructure of commis¬ 
sions. In I.U.G.G-. there are the independent «associations », two of which 
are mentioned in the Table. They also have a superstructure in I.C.S.U.', 
which confederates 13 International Scientific Unions and about 50 National 
Academies. 


2. - Personal contacts. 

This was the chief function of the Unions, because co-operation in science 
presupposes mutual understanding, and this in turn presupposes personal con¬ 
tacts. Many people feel that the present assemblies of the Unions are getting 
too large, and experiments are being made with other groups, such as this 
Summer School, and symposia of many kinds. The optimum size is 20 to 50, 
but the job of selecting such a small number for a truly «international » meet¬ 
ing is rather difficult; private or semi-private institutions have been more 
successful in organizing such small meetings than the Unions. However, many 
opportunities for small group meetings, formal and informal, are also provided 
during the big assemblies. 


3. - Money raising and money distribution. 

It is moderately easy to obtain money for science, provided one can make 
a good case backed by generally recognized scientific authority. Such autho¬ 
rity exists in the Scientific Unions. For instance, much money flows from 
UNESCO to the International Scientific Unions, and from there the subsidies, 
for travel to meetings, for publication and for scientific projects. True scien¬ 
tists have to be involved in this process, for only they have a chance of dis¬ 
tinguishing between obsolete plans and fruitful ones. Much more could be 
said, but I must be brief. 


4. - Terminology, units, codes. 

Frequent contacts and reference to well-written papers or books go a long 
way towards establishing uniform terminology. Arabic numbers came t<> 
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'western science by way of the latin translation of the Almagest in the Middle 
Ages. But long discussions are sometimes needed to reach agreement. Results 
range from minor matters, like the convention to reproduce spectra with the 
long wavelengths to the right, to major matters, like the general use of the 
metric system. (It is a shame to see still distances expressed in miles in scien¬ 
tific papers which are not meant for perusal by members of Congress). A 
recent example: a flow from west to east is called an east current in the ocean, 
a west wind in meteorology and an east wind in the ionosphere But the 
dispute will be settled. 

Another problem is that of telegraphic codes for messages about satellite 
orbits. In the few years since the first satellite was launched several inde¬ 
pendent code systems have come into use. The experts in the relevant 
008PAR working group (Mrs. Massevitoh in the XJ.R.S.S., Dr. Shaplby in 
the U.S.A., and others) are well determined to reach uniformity. Again it 
may be clear that this is not a job which can easily be left in the hands of a 
committee of government officials. 


5. - Joint projects. 


Major joint projects need both the governmental and the non-governmental 
approach. A plan drawn up exclusively by scientists may be scientifically 
sound but completely irnpractic-al because commitments for major expendi¬ 
tures by the partners cannot bo made. On the other hand, a purely inter¬ 
governmental plan may turn out to be impossible or hollow from the scientific 
point of view. It is advisal)le not to invite too many countries at once. The 
joint undertaking of countries of western Europe in has been quite 

suc.cessful. Inspiration from O.E.B.hT. has been, derived for the plans of B.8.O. 
and E.B.B.O., which are now on their way as temporary intergovernmental 
committee's preparing a definite convention. 


Another highly siuMjessful undertaking was the International Geophysical 
Year. After the end of the I.G. Y. it was decided to create some special com¬ 
mittees in I.ftH.tr. to cany on the task of certain disciplines in C.S.A.G.I. 
One of these is OOSI^AH. l''he problem of making direct national commit¬ 
ments possible (which was a weak point in the I.G.Y.) appears to have been 
solved successfully in (-08PA,K by adopting a somewhat complicated set of 
rules, in which the Union representatives have the major voice in determining 
scientific policy but the national representatives have exclusive rights to dis- 
imse of tlui money. World-wide cooperation, including the U.8.S.B., presents 
no major problems. 
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6. - International reference atmosphere. 

About a year ago there v^as some correspondence about the possible need 
for a standard table of atmospheric pressures, densities and temperatures which 
would have international standing. The only internationally adopted « stan¬ 
dard » was the I.C.A.O. atmosphere reaching to 22 km height; American Tables 
to 800 km were also widely used. COSPAB established a very small ad hoc 
group to study the problem, and via some ups and downs has reached the stage 
at which now, before the end of August, a set of Tables (of about 200 pages) 
will be published. This work has not gone through a process of « adoption », 
and therefore is not a « standard», but will-be a very useful reference volume 
and probably represents about the best integrated Table which could be made 
with the data available all over the world as of early 1961. 


7. - Frequency allocations. 

I have left the most important points to the end. Frequency allocation 
is not just another example of how some agreement may make scientific work 
more convenient. It is vital in the literal sense: a matter of life or death. 
The science of radio astronomy, and equally well the purely scientific space 
research, would be dead before long if no frequency bands were kept free from 
interference for this work. Who can make and keep such bands free? The 
formal answer to this is: the national frequency committees in each country. 
Internationally, these committees adhere to agreements reached after exten¬ 
sive preparation in the I.T.XJ. and its organs such as C.C.I.R. and I.F.B.B. 
When the cities expanded and some observatories found that their work in 
optical astronomy had become impossible, the astronomers did not go to the 
town hall and ask: please dim the city lights. Instead, they found places far 
away from such interference. The situation in radio-astronomy is just as bad, 
but going away to quiet places helps very little (if we exclude the back side 
of the moon!). Hence, science must press its demands against the heavy weight 
of the commercial and mi l i tary interests (among others) and in an ambience 
of a highly regulated intergovernmental organism. Here, again, the case cannot 
be won by sheer eloquence or clever administration: the scientists themselves 
must explain the situation, again and again, at difierent levels, must listen 
carefully to the counterarguments, and must show by detailed examples that 
their demands are justified and important. 

At the Geneva conference in 1969, which lasted from mid-August to mid- 
December, and in which, for instance, the U.S.A. delegation counted 80 people, 
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these demands were pressed "by a succession of scientists representing COSPAR, 
I.A.U. and U.R.S.I. In the Acts of this conference radio astronomy and space 
research have for the first time been recognized, as services ("which can receive 
allocations). For radio astronomy, only the 21 cm band obtained exclusive 
reservation. On many other bands the struggle must continue. And the worst 
is still to come: earth-to-earth communication via satellites for commercial, 
military, and other nonscientific purposes will claim large portions of the 
spectrum. The subject will come up during a big conference of the I.T.U., 
in 1963, for which aiTangements are already being made. I.O.S.U. has there¬ 
fore decided to create I.U.C.A.F. to maintain a continuous review of the si¬ 
tuation, and to work out a good and timely strategy to keep radio astronomy 
and space science alive. At the same time, the developing countries may cease 
to be content with their relatively small share in a spectrum which is already 
overcrowded. Savings of frequencies can often be made, but only by doing 
away with obsolete equipment, which represents a financial as well as a psycho- 
barrier. (Ueaiiy, a number of top scientists will have to give full atten¬ 
tion to these problems, and I hope I have proven the point that they cannot 
be said to be wasting their time in doing so. 


8. - Damaging experiments. 

Experiments are now possible which may damage mankind or things held 
in esteem by mankind. Some such experiments are fully permitted, but others 
fully fatal. These problems cannot be answered by one simple formula, e.g. 
that nature should be preserved, h'or the continuation of human civilization 
requires certain artifacts. 

Let us take a few examples of these dangerous experiments, briefly as¬ 
sembled in three categories. 


BlaHting. ~ A blast to make a road, or a mine, or an artificial earthquake 
for research into the structure of the earth’s crust, is permissible. However, 
we should not blow up a city, or a continent, or the whole earth. 

Seeding. - It lias become accepted practice to blow puffs of sodium from 
a rocket to investigate the upper atmosphere. This may finally make it im¬ 
possible to measure the natural sodium content. A much bigger seeding ex¬ 
periment was project « Argus », in August 1969, in which a few atom bombs 
temporarily created an artificial Van Allen belt. A plan for the near future 
is the project «West Ford » to create a belt of needles, which may hamper 
optical as well as radio astronomy. In all these cases we are approaching the 
borderline of the permissible. 



tto Mst lie avoided, and extreme caution is needed in approacliiiig tlie 
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